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Table 1
Effect of calcination conditions on the variation of crystalline size, tetragonality
factor (¢/a) and mean lattice strain of PT powders milled for different times

Calcination condition Crystallite Lattice Tetragonality
T/D/R (°C/h/°C min™ ") size (nm) strain (%) factor (c/a)
500/2/30 21.8 0.0188 1.038
550/1/30 19.4 0.0212 1.055
550/2/30 21.6 0.0190 1.052
550/3/30 20.9 0.0197 1.054
600/2/30 21.5 0.0193 1.057

T=calcination temperature.
D=dwell time.
R=heating/cooling rates.

to wear debris from the selected milling process was observed in all
calcined powders, indicating the effectiveness of the vibro-milling
technique for the production of high purity PbTiO; nanopowders.

The variation of calculated crystallite size, tetragonality factor
(c/a) and lattice strain of the powders milled for different times with
the calcination conditions is given in Table 1. In general, it is seen
that the crystallite size of lead titanate decreases slightly with
increasing calcination temperature for all different milling times,
while the calculated values of the tetragonality factor and mean lattice
strain progressively increase. However, it should be noted that by
increasing the calcination time from 1 to 3 h, these calculated values
decrease to the minimum at 2 h and then grow up further after longer
dwell time was applied. There is no obvious interpretation of these
observations, although it is likely to correspond to the competition
between the major mechanisms leading to crystallization and
agglomeration [19].

300 nm
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In this connection, a combination of SEM and TEM techniques was
also employed for the particle size measurement. The morphological
evolution during various calcination conditions of PT powders milled
with different times was investigated by SEM technique as shown in
Fig. 4. It is seen that all powders seem to have similar morphology. In
general, the particles are agglomerated and basically irregular in shape,
with a substantial variation in particle sizes, particularly in powders
subjected to prolong milling times or high firing temperatures (Fig. 4(c)
and (d)). The powders consist of primary particles of nanometers in
size. The primary particles have sizes of ~17-57 nm, and the agglo-
merates measured ~ 109—157 nm. It is also of interest to point out that
averaged particle size tends to increase with calcination temperatures
(Fig. 4 and Table 1), in good agreement with other works [8,18]. This
observation may be attributed to the occurrence of hard agglomeration
with strong inter-particle bond within each aggregates resulting from
firing process. The experimental work carried out here suggests that the
optimal combination of the milling time and calcination condition for
the production of single-phase PbTiO; powders with smallest particle
size (~ 17 nm) is 25 h and 600 °C for 2 h with heating/cooling rates of
30 °C min ', respectively. Moreover, the employed heating/cooling
rates for PbTiO; powders observed in this work are also faster than
those reported earlier [9,10].

A TEM bright field image of an agglomerated or intergrown particle
of the calcined PT powders derived from milling time of 25 h is shown
in Fig. 5(a). By employing the selected area electron diffraction
(SAED) technique, a perovskite-like phase of tetragonal P4/mmm
PbTiO; is identified (Fig. 5(b)), in good agreement with the XRD
analysis and the data in JCPDS file no. 6-452 [13]. The reciprocal
lattice pattern of this PT phase was also simulated with the Carine
Crytallography 3.0 software, as demonstrated in Fig. 5(c). In addition,

(b)

Fig. 4. SEM micrographs of PT powders milled for (a) 20 h and (b) 25 h, and calcined at 600 °C for 2h, (c) 25 h and (d) 30 h, and calcined at 550 °C for 3 h, with

heating/cooling rates of 30 °C/min.
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Fig. 5. (a) TEM micrograph, (b) SAED pattern ([13 1] zone axis) and (c) reciprocal lattice pattern simulation of PT powders milled for 25 h and calcined at 600 °C for 2

h with heating/cooling rates of 30 °C/min.

EDX analysis using a 20 nm probe on a large number of particles of
these calcined PbTiO; powders confirmed the existence of single phase
perovskite, in good agreement with XRD results.

4. Conclusion

This work demonstrated that by applying an appropriate
choice of the vibro-milling time, calcination temperature and
dwell time, mass quantities of a high purity lead titanate
nanopowders can be successfully produced by a simple solid-
state mixed oxide synthetic route without the use of high purity
starting precursors.
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In this study, lead zirconate titanate (Pb(Zrg.44Tio.56)O3) ceramics were fabricated with
a mixed oxide synthetic route of lead oxide (PbO) and zirconium titanate (ZrTiO4)
precursors. The effects of sintering temperature on phase formation, densification and
dielectric responses of the ceramics have been investigated using XRD, SEM, EDX and
dielectric measurement techniques. The densification of the PZT ceramics with density
of 97% theoretical density can be achieved with appropriate sintering condition without
any sintering additives. The optimized sintering condition has been identified as 1225°C
for 4 h. More importantly, the dielectric properties are found to improve with increasing
sintering temperature and grain size. However, when sintered over 1250°C, the dielectric
properties of the ceramics are seen to deteriorate as a result of PbO vaporization, ZrOs
segregations and porosity.

Keywords: Lead zirconate titanate; PZT; sintering; densification; dielectric properties.

1. Introduction

Lead zirconate titanate ceramics, Pb(Zr;Ti;_,)Os or PZT, have been widely in-
vestigated on their electrical properties for several decades.! As a prototype of
piezoelectrics, PZT ceramics exhibit good dielectric and piezoelectric properties,
especially the compositions near the morphotropic phase boundary (MPB). There-
fore, they have been exploited in several commercial applications such as ultrasonics,
buzzers, actuators and transducers.?3 In addition, the compositions in the vicinity
of MPB, generally identified as 52/48 for Zr/Ti ratio, have also been extensively in-
vestigated.!'3# This is clearly a result of enhanced properties of the compositions,
which have been attributed to the coexistence of tetragonal and rhombohedral
phases.*® More recently, the reports by Noheda et al. have also identified that the
presence of the monoclinic distortion is the origin of the unusually high piezoelectric
response of PZT compositions near the MPB.57

*Corresponding author.
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The stoichiometry and densification behavior of the oxide ceramics, which are
greatly influenced by sintering conditions, are known to be the key factors for
ensuring good electrical properties.* PZT compositions are commonly sintered at
high temperatures in the range 1100-1300°C. This creates problems with vapor-
ization of PbO during sintering and possible lead deficiency which may cause seg-
regation of a ZrOs, phase or a formation of unwanted phases.® This may affect
the electrical properties of the material. The B-site precursor method is one the
techniques developed to counteract the problem.? In this method, the high tem-
perature phase of ZrTiO, is first formed before reacting with PbO to form PZT
at lower temperature. Furthermore, the microstructure features such as grain size,
grain boundary, density, porosity, and homogeneity markedly influence the electri-
cal characteristics of sintered piezoelectric ceramics.'® Kakegawa et al.'! reported
that the dielectric constant of PZT ceramics depends on their chemical compo-
sitions. The room temperature dielectric constant of PZT ceramics was found to
decrease with increasing grain size, while, on the other hand, the maximum dielec-
tric constant of Pb(Zrg.52Ti0.48)O3 ceramics increased as the grain size decreased.!?
Generally, the grain size of PZT ceramics increases with the sintering temperature
and dwell time.'31* Therefore, it could be intuitively expected that the electrical
properties of the PZT ceramics would be greatly influenced by the sintering pa-
rameters. In this study, the effects of sintering temperature on the densification
and the dielectric properties of the sintered PZT ceramics prepared by the B-
site precursor method were investigated. In stead of the typical MPB composition
of Pb(Zrg.52Tip.48)03, which have been extensively studied,’3%'2 the tetragonal
composition of Pb(Zrg 44Tig.56)O3 was chosen in this study. This would extend
an understanding on the processing-composition-properties relationships in PZT
ceramics.

2. Materials and Methods

PZT powders were synthesized by a modified two-stage mixed oxide route. The
ZrTiO4 precursor powders were mixed with PbO for 24 h and calcined at 800°C
for 2 h, as reported earlier.? Ceramic fabrication was achieved by adding 3 wt%
polyvinyl alcohol (PVA) binder, then uniaxially pressed to form a green pellet of
10 mm diameter and 2 mm thick. The pellets were placed inside a closed alumina
crucible covered with lead zirconate (PbZrOs) powder to compensate the PbO
volatilization and then sintered at various temperatures for 4 h with constant heat-
ing/cooling rates of 10°C/min. During the heating, the temperature was maintained
at 500°C for 2 h to burn out the PVA binder. The pellets were subjected to bulk
densities measurement with Archimedes method.

Finally, the XRD, SEM and dielectric properties measurement were carried out.
X-ray diffraction analysis of the sintered samples was carried out at room temper-
ature using CuKa radiation (40 kV) on X’ Pert X-ray diffractometer. Scanning
electron microscopy (JEOL, JSM5910LV) was employed and the average grain size
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(®,y) of samples was determined using the linear interception method. For electrical
measurement, the as-sintered samples were polished to parallel surfaces. The major
faces of the samples were coated with conductive Pt paint, and then heat cured at
700°C for 1 h to ensure that the electrodes were completely adhered to the ceramic.
The dielectric properties were monitored as a function of temperatures (25-400°C)

at a measuring frequency of 1 kHz using a computer controlled impedance analyzer
(HP Model 4284A).

3. Results and Discussion

The densification of the PZT at various sintering temperatures is investigated. The
change in density versus the sintering temperature (1100-1320°C) is shown in Fig. 1.
In the sintering temperature range of 1100-1250°C, the density increases with in-
creasing temperature. Further increase in the sintering temperature to 1320°C leads
to the decrease of the density. This feature creates a maximum density value of
about 97% of theoretical density which is comparable to the value reported by
Wang et al.'® where LiCO3z, BisO3 and CuO were used as sintering aids. The in-
creasing density with rising sintering temperature up to 1250°C may be explained
by the enhanced densification as the sintering of PZT is normally found at 1200°C.6
Further increase in the sintering temperature causes a decrease in density values.
This may be attributed to the loss of lead oxide at high sintering temperatures,
which is similar to the results found in other Pb-based perovskite systems.!7-!8
XRD patterns of PZT ceramics sintered at various temperatures are plotted
in Fig. 2. The strongest reflections in the majority of the XRD patterns can be
identified as the perovskite phase of the composition Pb(Zrg 44Tig 56)O3, which
could be matched with JCPDS file 50-346. To a first approximation, this phase
has a tetragonal perovskite-type structure in space group P/mm (No. 99), with cell
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Fig. 1. Variation of density and grain size with sintering temperature for the PZT ceramics.



2418 R. Yimnirun, R. Tipakontitikul € S. Ananta

* 7ZrO, JCPDS file no. 37-1484

(200)
@11)

(001)
002)
(102)

1320 °C

REERS
|l 1250°C
|l 22sec J
Moo °C J

20 25 30 35 40 45 50 55 60
20 (degrees)

M

]
.

]

Pb(Zro.44Tio. 56)0; JCPDS file no. 50-346

Intensity (arb. units)

o L

A
|
\
|
|

Fig. 2. XRD patterns of the PZT ceramics sintered at various temperatures.

parameters a = 401 pm and ¢ = 414 pm, respectively.!? However, for the sample
sintered at 1320°C, some additional reflections (marked by *) are observed, and
these can be identified as presence of ZrOy (JCPDS file 37-1484). This phase has
a monoclinic structure with cell parameters a = 531.2, b = 521.2, ¢ = 514.7 pm
and 8 = 99.218° in space group P21/a (No. 14).2° Due to no trace of ZrOg has
been observed for the samples sintered at the temperatures below 1320°C, it is
believed that the consequence of PbO evaporation is an apparently favorable factor
in facilitating the occurrence of ZrOs at a higher sintering temperature.?':22

Microstructure development was investigated by scanning electron microscopy
(SEM). Free surface micrographs of PZT ceramics sintered at various tempera-
tures from 1150-1320°C are shown in Fig. 3. Also depicted in Fig. 1, the results
indicate that grain size tends to increase with sintering temperatures in the tem-
perature range 1150-1275°C that sees the grain size of the samples changed from
1.5 to 3.2 um, in agreement with a previous work by Hong et al.?® Similar find-
ings were also reported in Nb-doped PZT and modified PT ceramics.?4?> However,
the average grain size of PZT sintered at 1320°C cannot be determined from SEM
micrograph because of the ZrOs segregations that are confirmed by XRD results
shown in Fig. 2, which also displays very high degree of porosity. In addition to the
PbO evaporation, the presence of ZrOs segregations and a porous microstructure
is believed to be another cause for the decrease in the ceramic density at high sin-
tering temperature. As will be discussed later, these factors are also responsible for
the dielectric behavior of the PZT ceramics.
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®,, =153 um

Fig. 3. SEM micrographs of the PZT ceramics sintered at (a) 1150°C, (b) 1200°C, (c) 1225°C,
(d) 1250°C and (e) 1320°C.

The variations of dielectric constant (e,) and dissipation factor at 1 kHz with
sintering temperature are shown in Fig. 4. For all samples in the present work,
the Curie temperature is seen independent of the sintering temperature. Similar
results have also been reported by other workers.?5:27 The results in Fig. 4 clearly
indicate that the dielectric properties of the PZT ceramics depend on the sintering
temperature. As listed in Table 1, the maximum value of dielectric constant (£, max)
measured at T¢ increases from 8250 to 18984 as the sintering temperature increases
from 1150-1225°C. Further increase in the sintering temperature to 1275°C results
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Fig. 4. Temperature dependence of (a) dielectric constant and (b) dissipation factors at 1 kHz
for the PZT ceramics sintered at various temperatures.

in a drop in the values of &, max. to 10378. The opposing trend is observed in
the values of the high temperature dielectric loss (tan ¢). It should also be noted
here that since the dielectric loss in all ceramics increases significantly at high
temperature as a result of thermally activated space charge conduction,?® the values
of the high temperature dielectric loss (tan 0) determined at 200°C are listed for
comparison. As also listed in Table 1, the similar tendency is also observed for the



Effect of Sintering Temperature on Densification and Dielectric Properties 2421

Table 1. Physical and dielectric properties of PZT ceramics sintered at various temperatures.

Dielectric Properties at 1 kHz

Sintering Average grain Te &r tan 6 €r,max tan 0
temperature (°C) size (pum) (°C) (25°C) (25°C) (Te) (200°C)
1150 1.53 381 564 0.0072 8250 0.160
1200 1.84 385 638 0.0039 11316 0.145
1225 2.26 380 697 0.0038 18984 0.120
1250 2.76 379 463 0.0042 16524 0.150
1275 3.16 377 397 0.0047 10378 0.265
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Fig. 5. Variation of (a) maximum dielectric properties and (b) room temperature dielectric prop-
erties with sintering temperature for the PZT ceramics.
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room temperature dielectric properties. Figure 5 clearly depicts the relationship
between the dielectric properties and the sintering temperature. In addition, it is
worth noting that the measured values of the dielectric properties in the present
work are in good agreement with the previous works on PZT ceramics prepared by
different processing techniques.!?29731

By comparing Figs. 1 and 5, the tendency of ¢, values with the sintering tem-
perature is similar to that of density, in good agreement with the report by Kong
and Ma,?! while the average grain size also increases monotonically with sintering
temperatures. Earlier report by Chu et al.?
Nb-doped PZT ceramics. Clearly, the increasing dielectric constant (both at room
and Curie temperatures) is due to the increasing density of the ceramics. However,
the decreasing room temperature dielectric constant as sintering temperature above
1225°C can be related to the increasing grain size. Kang et al.3? reported that the
room temperature dielectric constant decreased with the increasing grain size. Sim-
ilar results were also reported for BaTiO3, modified PT and PLZT ceramics.?%32:33
On the other hand, an earlier report by Okazaki et al.3* showed that the maximum
dielectric constant of PZT ceramics increased with increasing grain size. This is
probably because increasing grain size results in reduction of the volume fraction
of grain boundaries. The coupling effect between the grain boundaries and the do-
main wall, which makes domain reorientation more difficult and severely constrains

the domain wall motion, is then decreased. This translates to an increase in the
£.12,23,35

also showed similar observations in

domain wall mobility corresponding to an increase in dielectric constan In
this study, an initial increase of the maximum dielectric constant with the sintering
temperature up to 1225°C, as shown in Fig. 5, can be related to the increasing grain
size. However, the maximum dielectric constant values of the sintered samples then
decrease from 18984 to 10378 as the sintering temperature is increased to 1275°C.
This observation may be attributed to microstructure inhomogeneity of the PZT
ceramics as a result of PbO deficiency, ZrOs precipitation, and porosity at higher
sintering temperature. Thus, the higher sintering temperature and the presence of
ZrQ5 impurity can significantly reduce the values of the dielectric constant of the
PZT ceramics. Finally, it should be emphasized that even though many earlier stud-
ies have established a relationship between the dielectric properties and grain size
in PZT as well as other perovskite ceramics, this study has shown that other factors
such as the sintering conditions, the presence of pores, ZrOs and other secondary
phases, chemical homogeneity, and Zr/Ti ratio clearly have strong influence on the
dielectric properties of the PZT ceramics.

4. Conclusions

Pb(Zrg.44Tig 56)O3 ceramics were successfully fabricated by employing the modi-
fied two-stage mixed oxide route and the effects of the sintering temperature on the
densification and dielectric properties were investigated. High density PZT ceram-
ics were obtained for the sintering temperatures about 1200-1250°C. The dielectric
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properties of the PZT ceramics are dependent on sintering temperature. It is clear
that the dielectric constant increases with increasing sintering temperature and
grain size. However, the increasing trends between the density and dielectric prop-
erties and the sintering temperature are interrupted when the ceramics are sintered
above 1250°C as a result of PbO vaporization, ZrO- segregation and porosity.
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Abstract

A perovskite phase of lead magnesium niobate, Pb(Mg,,3Nb,3)O; or PMN, powders has been synthesized by a rapid vibro-milling technique.
Both columbite MgNb,O¢ and corundum MgyNb,Oy have been employed as magnesium niobate precursors, with the formation of the PMN
phase investigated as a function of calcination conditions by thermal gravimetric and differential thermal analysis (TG-DTA) and X-ray diffraction
(XRD). The particle size distribution of the calcined powders was determined by laser diffraction technique. Morphology, crystal structure and
phase composition have been determined via a combination of scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
energy-dispersive X-ray (EDX) techniques. The magnesium niobate precursor and calcination condition have been found to have a pronounced
effect on the phase and morphology evolution of the calcined PMN powders. It is seen that optimisation of calcination conditions can lead to
a single-phase PMN in both methods. However, the formation temperature and dwell time for single-phase PMN powders were lower for the

synthetic method employing a columbite MgNb, O precursor.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Lead magnesium niobate; Magnesium niobate; Perovskite; Powder synthesis; Calcination

1. Introduction

Lead magnesium niobate, Pb(Mg1,3Nb,/3)O3 or PMN, is one
of the most widely investigated relaxor ferroelectric materials
with a perovskite structure. The excellent dielectric broadening
and electrostrictive properties make it a promising electroce-
ramic material for capacitor, electrostrictive actuator, electrome-
chanical transducer and electro-optic applications [1-3]. There
has been a great deal of interest in the preparation of single-phase
PMN powders as well as in the sintering and dielectric properties
of PMN-based ceramics [4-6]. However, it is well documented
that the formation of PMN perovskite via the solid-state reaction
is often accompanied by the occurrence of unwanted pyrochlore-
type phases because of the volatilisation of PbO, the low disper-
sion of MgO and the differences of the reactive temperature
between Pb—Nb and Pb—Mg [7-9]. Hence, several innovation
techniques [10-12] have been utilized to minimize the amount
of pyrochlore phase formed.

* Corresponding author. Tel.: +66 53 943367; fax: +66 53 943445.
E-mail address: suponananta@yahoo.com (S. Ananta).

0921-5107/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.mseb.2006.04.034

The initial work of Lejeune and Boilot [10] considered the
many parameters which influence the synthesis of PMN from
PbO, MgO and Nb,Os precursors, concluding that the formation
of a pyrochlore phase could not be completely eliminated. More-
over, it was proposed that the reactivity of magnesium oxide
with lead and niobium oxides was the definitive factor govern-
ing products of the reaction. These authors later proposed the
use of MgCOs3 in place of MgO to increase the yield of per-
ovskite PMN. Swartz and Shrout [7] developed an effective way
of producing PMN powder in high yield by the introduction
of a two-step process (the B-site precursor approach). In the
method, an intermediate step to give columbite-type MgNb,Og
precursor is used to bypass the formation of the pyrochlore
phases. Alternatively, Joy and Sreedhar [11] proposed the use of
Mg4Nb,Og precursor in place of MgNb; Og for the fabrication of
pyrochlore-free PMN. More recently, Lu and Yang [12] adopted
a two-stage synthesis method by precalcining the mixture of
MgO and NbyO5 at 1000 °C to form Mg4Nb,Og. This compound
was then quenched at 850-900 °C with PbO to form PMN with-
out further soaking. This approach yielded perovskite PMN as
the dominant phase, with pyrochlore impurities of less than 5%
and some residual MgO. It was also claimed that the pyrochlore
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phases and the residual MgO could be eliminated completely
with the introduction of excess PbO and nitric acid, respectively.
However, the preparation of PMN using Mg4Nb,Og precursor,
to date, has not been extensive as that of PMN using MgNb,Og
precursor. Moreover, its effect on the formation of perovskite
PMN phase under various calcination conditions (especially the
effects of applied dwell time and heating/cooling rates) has not
been adequately characterized.

The purpose of this study was to compare the two B-site pre-
cursor synthetic routes of PMN formation and the characteristics
of the resulting powders. The phase formation and morphology
of the powders calcined at various conditions will be studied and
discussed.

2. Experimental procedure

Pb(Mg;/3Nby/3)O3 was synthesised by a similar methodol-
ogy of B-site precursor mixed oxide synthetic route, as reported
earlier [4]. Starting precursors were as follows: PbO (JCPDS
file number 77-1971), MgO (periclase: JCPDS file number 71-
1176) and NbyOs5 (JCPDS file number 80-2493) (Aldrich, 99%
purity). These three oxide powders exhibited an average particle
size in the range of 3.0-5.0 wm. First, two intermediate phases
of magnesium niobate: MgNb,Og and MgsNbyO9 were sep-
arately prepared by the solid-state reaction method previously
reported [13,14], employing an optimised calcination conditions
of 1000 °C for 4 h with heating/cooling rates of 30 °C/min and
950 °C for 2 h with heating/cooling rates of 25 °C/min, respec-
tively. The following reaction sequences were then proposed for
the formation of PMN:

1. The columbite route:
3PbO(s) + MgNbyOg(s) — 3Pb(Mg1,3Nbz/3)03(s) (1)
2. The corundum route:

12PbO(s) + MgsNbyOo(s) + 3NbyOs(s)
— 12Pb(Mg;,3Nb2,3)O3(s) (2)

Instead of employing a ball-milling procedure (ZrO, media
under acetone for 24 h [7]), a McCrone vibro-milling was used.
In order to improve the reactivity of the constituents, the milling
process was carried for 2 h (instead of 30 min [4]) with corundum
media in isoproponal. After drying at 120°C for 2 h, various
calcination conditions were applied in order to investigate the
formation of PMN phase in each calcined powders.

The reactions of the uncalcined powders taking place dur-
ing heat treatment were investigated by thermal gravimetric and
differential thermal analysis (TG-DTA, Shimadzu) using a heat-
ing rate of 10 °C/min in air from room temperature up to 900 °C.
Calcined powders were subsequently examined by room temper-
ature X-ray diffraction (XRD; Philips PW 1729 diffractometer)
using Ni-filtered Cu Ko radiation, to identify the phases formed
and optimum calcination conditions for the manufacture of PMN
powders. The mean crystallite size was determined using the

diffraction peak (1 1 0) of the perovskite pattern by using Scher-
rer equation [15]. Particle size distributions of powders were
determined by laser diffraction technique (DIAS 1640 laser
diffraction spectrometer), with the grain size and morphologies
of powders observed by scanning electron microscopy (SEM;
JEOL JSM-840A). The chemical composition and structure of
the phases formed were elucidated by transmission electron
microscopy (CM 20 TEM/STEM) operated at 200 keV and fit-
ted with an energy-dispersive X-ray (EDX) analyser with an
ultra-thin window. EDX spectra were quantified with the virtual
standard peaks supplied with the Oxford Instruments eXL soft-
ware. Powder samples were dispersed in solvent and deposited
by pipette on to 3 mm holey copper grids for observation by
TEM. In addition, attempt was made to evaluate the crystal
structures of the observed compositions/phases by correcting
the XRD and TEM diffraction data.

3. Results and discussion

TGA and DTA results for the mixtures synthesized by both B-
site precursor methods are shown in Figs. 1 and 2, respectively.
In general, similar trend of thermal characteristics is observed
in both precursors. As shown in Fig. 1, the powders prepared
via both B-site precursor mixed oxide methods demonstrate
three distinct weight losses. The first weight loss occurs below
200 °C, the second one between 200-300 °C and the final one
after 750 °C. In the temperature range from room temperature
to ~150 °C, both samples show small thermal peaks in the DTA
curves, Fig. 2, which are related to the first weight loss. These
DTA peaks can be attributed to the decomposition of the organic
species such as rubber lining from the milling process similar to
our earlier reports [13,16]. In comparison between the two B-site
precursor routes, after the first weight loss, the columbite route
shows a slightly higher weight loss over the temperature range
of ~50-220°C, followed by a much sharper fall in specimen
weight with increasing temperature from ~250 to 350 °C. This
columbite-precursor method also exhibits larger overall weight
loss (~1.25%) than that of the corundum route (~1.00%).

100.0
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Fig. 1. TGA curves of the mixtures derived from columbite- and corundum-
route.
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Fig. 2. DTA curves of the mixtures derived from columbite- and corundum-
route.

Corresponding to the second fall in specimen weight, by
increasing the temperature up to ~700 °C, the solid-state reac-
tion occurs between oxide precursors. The broad exothermic
characteristic in both DTA curves represents that reaction,
which has a maximum at ~600 and 800 °C for columbite- and
corundum-routes, respectively. However, it is to be noted that
there is no obvious interpretation of these peaks, although it is
likely to correspond to a phase transition reported by a number of
workers [4-8]. The different temperature, intensities and shapes
of the thermal peaks for the two precursors here probably are
related to the different starting materials especially magnesium
niobate and consequently, caused by the removal of species dif-
ferently bonded in the network, reactivity of different species
(difference in type and dispersion of MgO) in the powders.
These data were used to define the range of temperatures for
XRD investigation between 550 and 1000 °C. It is to be noted
that a significant weight loss in TG curves associated with large
thermal change in DTA curves observed at temperatures above
750 °C (Figs. 1 and 2) may be attributed to the PbO volatilisa-
tion typically found in lead-based ferroelectrics, consistent with
other investigators [17-19].

To study the phase development with increasing calcination
temperature in each synthetic route, they were calcined at var-
ious temperatures for 1h in air with constant heating/cooling
rates of 10 °C/min, followed by phase analysis using XRD tech-
nique. As shown in Fig. 3, for the uncalcined powder and the
powder calcined at 550 °C (columbite route), only X-ray peaks
of PbO and MgNb,Og¢ precursors are present. Similarly, itis seen
that unreacted precursors of PbO and MgsNb,Og are detected
from the original mixture up to 650 °C for the corundum route
(Fig. 4). These observations indicate that no reaction was yet
triggered during the vibro-milling or low firing processes, in
agreement with literature [4,13,16]. It is seen that PMN crystal-
lites were developed in the powder at a calcination temperature
as low as 600 and 650 °C for columbite- and corundum-routes,
respectively. The results of X-ray diffraction measurement sup-
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Fig. 3. XRD patterns of the columbite-route powders calcined at various con-
ditions for 1 h with constant heating/cooling rates of 10 °C/min.

ported the DTA observation (Fig. 2) that PMN phase is formed
at approximately 600-800 °C. In general, the strongest reflec-
tions apparent in the majority of these XRD patterns indicate
the formation of the lead magnesium niobate, PMN (V). These
can be matched with JCPDS file number 81-0861 for the cubic
phase, in space group Pm3m (no. 221) with cell parameters
a=404 pm [20] consistent with other workers [4,5]. According
to Fig. 3, the formation of PbsNb4O13 (V) earlier reported by
many researchers [4,21-23] has been found at 600 °C, which
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Fig. 4. XRD patterns of the corundum-route powders calcined at various con-
ditions for 1 h with constant heating/cooling rates of 10 °C/min.
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is associated to the second TG-DTA response in Figs. 1 and 2.
This pyrochlore phase has a cubic structure with cell param-
eter a=1.056 nm in space group Fd3m (no. 227) (JCPDS file
number 25-0443) [24]. Upon calcination at 650 °C, the peak
corresponding to PbO disappeared (not detectable by XRD).
By increasing the calcination temperature from 650 to 850 °C,
the yield of the cubic PMN phase increases significantly until
at 900 °C, a single-phase of perovskite PMN is formed for the
columbite route.

From Fig. 4, it is seen that calcination at 600 °C resulted
in some new peak (V) of the Pbj g6(Mgp24Nb176)O¢.5 phase
(JCPDS file number 82-0338) [25] mixing with the unre-
acted PbO and Mg4Nb,Og phases. To a first approximation,
this Pby g6(Mgo.24Nb1.76)Og.5 phase earlier reported by many
researchers [23,26,27] has a pyrochlore-type structure with a
cubic unit cell a =1.060 nm, space group Fd3m (no. 227). This
pyrochlore phase was found at 600 °C and totally disappeared
at 950 °C. As the temperature increased to 900 °C, the intensity
of the PMN peaks was further enhanced and PMN becomes the
predominant phase, in good agreement with the earlier TG-DTA
results. This study also shows that PMN is the only detectable
phase in the corundum-route powders after calcination in the
range 950-1000 °C.

In the present study, an attempt was also made to calcine both
precursors under various dwell times and heating/cooling rates
(Figs. 5 and 6). In this connection, it is seen that the single-
phase of PMN (yield of 100% within the limitation of the XRD
technique) was also found to be possible in columbite-precursor
powders calcined at 850 °C for 3 h with heating/cooling rates
as fast as 30 °C/min (Fig. 5). The appearance of Nb,O5 and
Pb3Nb4O13 phases indicated that chemical decomposition prob-
ably caused by PbO volatilisation has occurred at relatively high
firing temperatures (>850 °C) with long dwell times, consistent
with other workers [4-8]. It is also interesting to note that in this
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Fig. 5. XRD patterns of the columbite-route powders calcined at 850 °C, for 3 h
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Fig. 6. XRD patterns of the corumdum-route powders calcined at 950 °C for 1 h
with heating/cooling rates of (a) 30 °C/min and (b) 20 °C/min, at 900 °C for (c)
2h(d) 3 h and (e) 4 h, with heating/cooling rates of 10 °C/min, and (f) at 950 °C,
for 4 h with heating/cooling rates of 30 °C/min.

work the effects of both dwell time and heating/cooling rates
were also found to be significant for the formation of perovskite
PMN by using a corundum route (Fig. 6). It is seen that single-
phase of PMN powders was also successfully obtained for a
calcination temperature of 950 °C for 1 h with heating/cooling
rates of 20 or 30°C/min applied. The observation that the
dwell time or heating/cooling rates may also play an important
role in obtaining a single-phase of lead-based perovskite fer-
roelectrics is also consistent with other investigators [4,19,28].
However, some additional peaks at 26 ~43° are found in the
Figs. 5(a) and 6(a). It is to be noted that there is no obvious
interpretation of these peaks, although it is likely to correspond
to a trace of MgO precursor. Nonetheless, with the limitation of
X-ray technique and the inherent only single peak with very low
intensity comparable to noise originated from the diffractometer,
an accurate evaluation of the phase is not possible [15].

It is well established that the perovskite-type PMN tend
to form together with the pyrochlore-type PbO-Nb,Os5 com-
pounds, depending on calcination conditions [7,8,23]. In the
work reported here, evidence for the formation of PMN phase,
which coexists with the cubic pyrochlore phase, is found after
calcination at temperature ~650-900 °C, in agreement with lit-
erature [4,7,12,22]. No evidence of Pbj g3Mgg29Nb; 710639
was found, nor was there any indication of the pyrochlore phase
of PbzNbyOg and PbsNbsO15 [21-23] being present. In gen-
eral, the formation temperature and dwell times for high purity
PMN observed in the powders derived from a combination of a
mixed oxide synthetic route and a carefully determined calcina-
tion condition (especially with a rapid vibro-milling technique)
are slightly lower than those reported for the powders prepared
via many other conventional mixed oxide methods [7-11].

Based on the TG-DTA and XRD data, it may be con-
cluded that, over a wide range of calcination conditions, single-
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phase perovskite PMN cannot be straightforwardly formed via
a two-step B-site precursor method, as verified by a number
of researchers [4,7,8]. The experimental work carried out here
suggests that the optimal calcination conditions for single-phase
PMN are 900°C for 1h or 850°C for 3h (columbite route)
and 950 °C for 1 h (corundum route), with heating/cooling rates
as fast as 30 °C/min. The optimised formation temperature of
single-phase PMN was lower for the columbite route proba-
bly due to the higher degree of reactivity with less reacting
species involved [7,8]. As suggested by several workers [8,17],
the degree of cation mixing in precursors significantly affects
the phase formation behavior in the B-site synthesis of PMN.
This observation may be accounted for by the fact that the
columbite route possibly provides faster chemical reaction rate
(only the reaction between PbO and MgNb,Og) and is able to
enhance the formation of perovskite PMN phase by increasing
the reactivity of MgO [8]. However, the minimum firing temper-
ature required for the manufacturing of single-phase corundum
MgsNbyOg (~950°C [14]) is lower than that of columbite
MgNb,Og (~1000 °C [13]).

Therefore, in general, the methodology presented in this work
provides a simple method for preparing perovskite PMN pow-
ders via a solid-state mixed oxide synthetic route. It is interesting
to note that, by using either columbite- or corundum-routes, with
an optimal calcination condition, the reproducible, low cost and
flexible process involving simple solid-state reaction synthetic
route can produce high purity perovskite PMN (with impuri-
ties undetected by XRD technique) from relatively impure and
inexpensive commercially available raw materials.

To further study the influence of precursor on the characteris-
tics of the resulting PMN powders, a combination of particle size
analysis, SEM, TEM and EDX is used to examine the powders
obtained, as shown in Figs. 7-10 and Table 1. Fig. 7 compares
the particle size distribution curves of calcined PMN powders
derived from both B-site precursor methods, which indicate an
appreciable size fractions at approximately 0.75—1.08 pwm diam-
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Fig. 7. The particle size curves of the columbite- and corundum-route PMN
powders after calcined at their optimised conditions.

(b)

Fig. 8. SEM micrographs of the: (a) columbite- and (b) corundum-route PMN
powders after calcined at their optimised conditions.

eters, as also listed in Table 1 (averaged sizes). Even taking
in account that the analysis does not reveal the real dimension
of single particles (due to agglomeration effects as expected
from the SEM results in Fig. 8), a uniform frequency distribu-
tion curve was observed for the columbite route whilst narrow
distribution curve with tiny kink at front covering the range
of 0.32-1.65 pm in sizes was found for the corundum route,

Table 1
Particle size data of both PMN powders measured by different techniques

Measurement techniques Particle size range (average)

Columbite route Corundum route

XRD? (nm, +2.0)

Laser diffraction (m, £0.2)
SEM (pm, £0.1)

TEM (pm, +0.01)

26.60
0.15-7.50 (1.08)
0.25-3.00 (1.63)
0.25-0.65 (0.45)

22.50
0.32-1.65 (0.75)
0.20-1.25 (0.73)
0.10-0.55 (0.33)

2 Crystallite size.
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Fig. 9. (a) TEM micrograph with arrow indicates (b) SAED pattern ([110] zone axes) and (c) reciprocal lattice pattern simulation of the columbite-route PMN

particles.

reflecting more the size of agglomerates than the real size of
particles.

SEM micrographs of the calcined PMN powders derived
from columbite- and corundum-precursor methods are shown
in Fig. 8(a and b), respectively. In general, the particles are
agglomerated and basically irregular in shape, with a substan-
tial variation in particle size. Observed diameters range from
0.25 t0 3.00 and 0.20 to 1.25 wm for columbite- and corundum-
routes, respectively, in good agreement with the particle size
distribution previously determined (Table 1). The primary par-
ticles in the agglomerates are, however, submicron in size. This
is confirmed by TEM micrographs shown in Figs. 9 and 10.
Additionally, the observed morphology reveals considerable dif-
ference in homogeneity, uniformity, size and shape between the
two PMN powders. It is obviously evident that the columbite-
route powders exhibit more heterogeneous morphology than the
corundum-route powders. The columbite-route powders consist
mainly of irregular round shape primary particles with a diameter
of ~1 wm or less (Fig. 8(a)). In addition to the primary particles,
the powders have another kind of very fine particle (darker par-

ticles) with diameter of about 200 nm. A combination of SEM
and EDX techniques has demonstrated that pyrochlore and unre-
acted precursor phases (marked as “y” and “z” in the micrograph
in Fig. 8(a)) exist neighbouring the parent PMN phase (marked
as “x”) (see also Table 2). In general, EDX analysis using a
20 nm probe from a large number of particles of the two calcined
powders confirmed the parent composition to be PMN. It is inter-
esting to note that nano-scale MgO and PbO inclusions were also
found in the SEM-EDX investigation for the columbite route,
in agreement with earlier works [9,29], even though this could
not be detected by XRD. It is, therefore, intriguing to note the
advantage of a combination between SEM and EDX techniques,
which lies in its ability to reveal microstructural features often
missed by the XRD method which requires at least 5 wt% of the
component [15].

However, it is seen that higher degree of agglomeration with
more rounded particle morphology is observed in the powders
produced by the corundum route (Fig. 8(b)). The strong inter-
particle bond within each aggregate is evident by the formation
of a well-established necking between neighbouring particles.



298 R. Wongmaneerung et al. / Materials Science and Engineering B 132 (2006) 292-299

(b)

(c)

Fig. 10. (a) TEM micrograph with arrow indicates (b) SAED pattern ([1 1 1] zone axes) and (c) reciprocal lattice pattern simulation of the corundum-route PMN

particles.

This observation could be attributed to the mechanism of surface
energy reduction of the ultrafine powders, i.e. the smaller the
powder the higher the specific surface area [30]. In general, it is
seen that primary particle in corundum-route powders is clearly
smaller in size than the columbite-route powders. The averaged
particle size of corundum-precursor PMN powders with finer
particle size is regarded as advantage for better reactivity.
Bright field TEM images of discrete particles of the cal-
cined PMN powders are shown in Figs. 9(a) and 10(a) for the

columbite- and corundum-routes, respectively, indicating the
particle sizes and shapes at higher magnifications. The observed
morphology reveals the considerable difference in both size
and shapes between the two particles. Primary particle in the
columbite-route PMN powders is clearly larger in size and
also higher in angularity than the corundum-route powders. By
employing a combination of both selected area electron diffrac-
tion (SAED) and crystallographic analysis, the perovskite phase
of cubic PMN was identified for the columbite- and corundum-

Table 2
EDX analysis on PMN powders derived from columbite- and corundum-routes
EDX positions Composition (at.%) Possible phase(s)
Pb (M) Mg (K) Nb (L)
X 43.12 18.87 38.01 Pb(Mg;/3Nby3)03
y 8.45 84.10 7.45 Pb.86(Mg0.24Nb1 76)06.5 (M), Pb1.83(Mgo.20Nb1 71)06 39 (m), MgO (m)
z 5.75 89.85 4.40 Pb 86(Mgo.24Nb1 76)06.5 (M), Pb1.83(Mgo.29Nb1 71)06 39 (m), MgO (m), PbO (m)
a 45.04 17.75 37.21 Pb(Mg/3Nby3)03

M, Majority; m, Minority.
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Fig. 11. XRD patterns of PMN ceramics derived from: (a) columbite- and (b)
corundum-routes after sintering at 1225 °C for 2 h.

routes as shown in Figs. 9(b and c) and 10(b and c), respectively,
in good agreement with the XRD results.

Preliminary study on the ceramic production from the pow-
ders prepared from both routes was also conducted. As shown
in Fig. 11, it can be seen that the single-phase perovskite PMN
ceramics can be prepared by sintering both PMN powders at
1225 °C for 2h based upon the firing condition advocated by
Ananta and Thomas [5].

4. Conclusions

It has been shown that single-phase perovskite PMN pow-
ders can be successfully formed by employing either columbite
or corundum B-site precursor method via a rapid vibro-milling.
Evidence for the formation of a cubic pyrochlore phase, which
coexists with the perovskite PMN parent phase, is found at cal-
cination temperture ranging from 800 to 1050 °C. Amongst the
two B-site precursor methods, it is seen that lower optimised
calcination temperature for the production of pure PMN pow-
ders can be obtained by using the columbite route, whereas the
smallest obtainable particle size was found in the corundum-
route PMN powders.
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Abstract

(1—x)Pb(Zry 5, Tig 45)O3—xBaTiO; ceramics were prepared by a modified mixed-oxide method. The phase formation was studied by XRD analysis.
All compositions exhibit complete solid solutions of perovskite-like phase in the (1—x)PZT-xBT system. The (200)/(002) peak was found to
split at the composition x=0.6 and the co-existence of tetragonal-rhombohedral phases occurs with x < 0.6. The possible range of compositions
which correspond to a phase transition is 0.6 <x<0.7. While pure BT ceramics exhibited a sharp phase transformation expected for normal
ferroelectrics, phase transformation behavior of the (1—x)PZT—xBT solid solutions became more diffuse with increasing BT contents. This was
primarily evidenced by an increased broadness in the dielectric peak, with a maximum peak width occurring at x=0.5.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Phase development; Dielectric properties; Barium titanate (BT); Lead zirconate titanate (PZT)

1. Introduction

Nowadays, many researches have been carried out on the
phase development and dielectric behavior of various per-
ovskite ferroelectric ceramics, which can be applied to several
micro- and nano-electronic devices such as multilayer capaci-
tors, microactuators and miniaturized transducers [1,2]. Among
the many ferroelectric materials, barium titanate (BaTiO3 or
BT) and lead zirconate titanate (Pb(Zr,Ti)O3 or PZT) are rep-
resentative perovskite ferroelectric and piezoelectric prototypes
because of their excellent electrical properties [3,4]. While, bar-
ium titanate is a normal ferroelectric with a high dielectric con-
stant and a relatively low T¢ (~120°C), lead zirconate titanate
has a higher T¢ of 390 °C which allows PZT-based piezoelec-
tric devices to be operated at relatively higher temperatures [2,5].
Although BT ceramic has better mechanical properties than PZT,
the sintering temperature is also higher [1,3,5]. Thus, mixing
PZT with BT is expected to decrease the sintering temperature of
BT-based ceramics, a desirable move towards electrode of lower
cost [6]. Moreover, since PZT-BT is not a pure-lead system, it
is easier to prepare single phase ceramics with lower amount

* Corresponding author. Tel.: +66 53 943 376; fax: +66 53 943 445.
E-mail address: wanwilai_chaisan@yahoo.com (W. Chaisan).

0921-5107/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.mseb.2006.04.033

of undesirable pyrochlore phases [7,8]. With their complimen-
tary characteristics, it is expected that excellent properties can
be obtained from ceramics in PZT-BT system.

So far, there have been only a few studies on PZT-BT system
[7-9]. These studies have focused mainly on powder prepara-
tion and some electrical properties. However, there have been
no systematic studies on the phase development and dielectric
properties of the whole series of PZT-BT compositions, which
would help in identifying excellent electrical properties within
this system. In the present study, PZT and BT were chosen
as end components to prepare solid solutions via a modified
mixed-oxide method. Phase development and lattice parameter
changes of the whole series are investigated by XRD analysis.
Finally, the dielectric properties of PZT-BT ceramics are deter-
mined as a function of temperature and frequency to establish
structure—property relationships.

2. Experimental procedure

The (1—x)PZT—xBT compositions with 0.0 <x < 1.0 were
prepared by a modified mixed-oxide method [7]. The start-
ing raw materials were reagent grade PbO, ZrO;, TiO; and
BaCOs powders (Fluka, >99% purity). For BT powder, BaCO3
and TiO, were homogeneously mixed via ball-milling with zir-
conia media in ethanol for 24 h. The mixture was dried and
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then calcined at 1300°C for 2h to form BaTiO3. The PZT
powders were synthesized through the modified mixed-oxide
method, in which lead zirconate (PbZrO3) was first prepared
and then used as precursor in order to reduce the occurrence
of undesirable pyrochlore phase, as well as very high melt-
ing temperature ZrTiO4 phase, which is difficult to eliminate
[7]. Pure PbZrO3; phase was formed by reacting PbO with
ZrO, at 800 °C for 2h. PbZrO3; powder was then mixed with
PbO and TiO; and calcined at 900 °C for 2h to form single
phase PZT. The (1—x)PZT—xBT powders were then formulated
from the BT and PZT components by employing the similar
mixed-oxide procedure and calcining at various temperatures
between 900 and 1300 °C for 2 h in order to obtain single phase
(1—x)PZT—xBT powders. The phase formation process was fol-
lowed by XRD analysis. The lattice parameters a and ¢ were
determined by using a non-linear least squares method [10]. The
(1—x)PZT—xBT powders were then isostatically cold-pressed at
4 MPa into pellets, which were consequently sintered between
1050 to 1350°C for 2h in air. The grain morphology and
size were directly imaged using scanning electron microscopy
(SEM) and the average grain size was determined by using a
mean linear intercept method [11]. For dielectric measurements,
silver paste was fired on both sides of the polished samples at
550 °C for 30 min as the electrodes. Dielectric properties of the
sintered ceramics were studied as a function of both temperature
and frequency. The capacitance was measured with a HP4284A
LCR meter in connection with a Delta Design 9023 tempera-
ture chamber and a sample holder (Norwegian Electroceramics)
capable of high temperature measurement. Relative permittivity
(er) was calculated using the geometric area and thickness of
discs.
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Fig. 1. XRD diffraction patterns of (1—x)PZT-xBT powders.

3. Results and discussion

The phase formation behavior of the (1—x)PZT—xBT pow-
ders is revealed by XRD as shown in Fig. 1. The diffraction
pattern of powders with x = 1.0 match exactly that of perovskite
BaTiO3 (JCPDS no. 75-0460), whereas that of x=0.0 is of a
perovskite structure of Pb(Zrg 57 Tig.43)O3 with co-existence of
both tetragonal and rhombohedral phases, matching with the

(200)R

(002)T (200)T

A

Intensity (a.u.)

43 44 45 46 47 48

43 44 45 46 47 48

26/degrees

Fig. 2. XRD diffraction patterns for the (200) peaks of (1—x)PZT—xBT powders. Deconvolution of data shows the relative proportions of the rhombohedral and

tetragonal phases.
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Fig. 3. Variation of cell parameters in the (1 —x)PZT—xBT system. The solid and
dashed lines are guides for the eyes.

JCPDS file no. 33-0784 and 73-2022, respectively. In the ladder
pattern, a series of continuous solid solutions of PZT-BT with
perovskite structure without any trace of pyrocholre phase nor-
mally forms. With increasing PZT content, the diffraction peaks
shifted towards lower angle and the diffraction peak around 26
of 43-46° was found to split at composition x=0.6 (as shown
in Fig. 2). This observation suggests that 0.4PZT-0.6BT com-
position may lead to a diffuse morphotropic phase boundary
(MPB) between the tetragonal and rhombohedral PZT phases

ey 1 Um

[12]. This is further evidenced in Fig. 2, which shows the evo-
Iution of the (200)/(002) peak as a function of composition
over the range 20 =43-48. The data indicate the appearance
of a triplet peak due to the superposition of the tetragonal and
rhombohedral (2 00) peaks. With increasing PZT content, the
intensity ratio of the (2 00)/(002) peak tends to decrease down
to x=0.6, where the rhombohedral peak is first observed. The
XRD patterns with high degree of PZT content (x < 0.6) showed
in all cases the co-existence of both tetragonal and rhombohe-
dral phases as clearly shown in Fig. 2. The variation of these
triplet-diffraction lines could be explained by microscopic com-
positional fluctuations occurring in these perovskite materials,
which cannot provide real homogeneity in the solid solutions,
and also by the different stresses induced in the particles, which
determine the co-existence of tetragonal-rhombohedral phases
[13,14].

The lattice parameters were then determined from the
triplets (200) by using a non-linear least squares method
[10]. The a-parameter, c-parameter and tetragonality (c/a) of
(1—x)PZT—-xBT ceramics are plotted as a function of BT content
in Fig. 3. The results show that cell parameters of all composi-
tions gradually decrease with increasing BT content as expected
from the steady increase in 26 of diffraction peaks (Fig. 2) and
agreed with Vegard’s law [15]. Thus, the perovskite PZT-BT
system is confirmed to develop a complete solid solubility, as
also observed in similar solid solutions [14]. However, the com-
position boundary between the real tetragonal and rhombohedral

Fig. 4. The microstructure of (1—x)PZT—xBT ceramics: (a) x=0.0, (b) x=0.1, (¢) x=0.3, (d) x=0.7, (¢) x=0.9 and (f) x=1.0.
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Table 1
Characteristics of (1—x)PZT-xBT ceramics with optimized processing
conditions

Compositions Sintering Density Average grain
temperature (°C) (g/cm3) size (m)
PZT 1100 7.7 2.36
0.9PZT-0.1BT 1200 7.6 2.86
0.7PZT-0.3BT 1200 72 1.97
0.6PZT-0.4BT 1250 6.9 2.31
0.5PZT-0.5BT 1250 6.6 3.87
0.4PZT-0.6BT 1250 6.3 4.19
0.3PZT-0.7BT 1250 5.7 3.71
0.1PZT-0.9BT 1300 53 5.72
BT 1350 5.8 2.42

phases could not be delimited under the present experimental
limit of accuracy. The possible range of compositions which
corresponds to a phase transition is 0.6 <x < 0.7 and high reso-
lution XRD analysis is clearly necessary to detect the possible
superposition of phases in further studies.

The optimized sintering temperatures, densities, and average
grain sizes of the sintered (1—x)PZT—xBT ceramics are listed
in Table 1. Higher firing temperatures were necessary for com-
positions containing a large fraction of BT. The microstructure
of (1—x)PZT—xBT ceramics is shown in Fig. 4. Compositions
with x=0.7 and 0.9 could not be sintered to sufficient den-
sities and the theoretical densities of ceramics in this range
were about 86—89%. It is possible that volatilization of PbO
during firing is the main reason for the failure in preparing
dense ceramics over this composition range [16,17]. It should
be noted that the grain size and density can influence dielec-
tric properties [4] but in the present work average grain size
varies between 2 and 5 wm, as shown in Table 1, which should
not play significant role in variation of dielectric properties. The
variation of the dielectric constant with temperature for ceramics
with x=0.0-0.6 is displayed in Fig. 5. The Curie temperatures
and maximum dielectric constants of the pure PZT ceramics in
this work was 390 °C and 14,900, respectively. With increasing

16000
x = 0.0 (390 °C)
14000 o N\ ,\
12000 - H
!
10000 - x=01 3
x=0.4 (339°C) 3
- 0
< 8000 w=05 (215 c):()_o3
6000 x=06 (162°C) o
(160°0) ¢ (263 °C)
4000 -|
2000 -|
0 -
0 100 200 300 400 500

Temperature (°C)

Fig. 5. Variation of dielectric constant (&;) with temperature for (1—x)PZT-xBT
ceramics at 500 kHz (T¢ of each composition is indicated in parenthesis).

BT content, the transition temperature shifts monotonously to
lower temperatures and dielectric peak becomes broader, indi-
cating the increasing of diffused phase transition. The frequency
dependence of dielectric properties for x=0.0 and 0.5 ceram-
ics is shown in Fig. 6. For x=0.0 (pure PZT) (Fig. 6a), the &,
peak is sharp and approaches 15,000. A normal ferroelectric
behavior is observed in PZT as evident by a relatively weak
frequency dependence of dielectric properties, except at low
frequencies as a result of high temperature space charge con-
duction. Similar observation is also found for pure BT. On the
other hand, a diffuse phase transition and small frequency dis-
persion of the dielectric maxima are observed in x =0.5 ceramic
(Fig. 6b). Moreover, it should also be noted here that the dielec-
tric constant rises and dielectric loss significantly increases
at high temperature as a result of thermally activated space
charge conduction [18]. For PZT ceramic (Fig. 6a), a dielectric
constant at the lower frequencies seems to increase continu-
ously. It can be assumed that polar defect pairs created under
these conditions and may be related to such dielectric anomaly
[19].

As described above, a combination of PZT with BT intro-
duces dielectric peak broadening. For better understanding of
the interesting dielectric behaviors of PZT-BT system, we look
at these behaviors through Curie—~Weiss law. For a normal fer-
roelectric such as PZT and BT, above the Curie temperature the
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— 100Hz .. —..
— 1kHz —
— 10kHz .. —
— 100 kHZ  —
200009 oo
<
¢ 15000 I
10000
50001
100
(a)
3.0
5000
- 25
4000 - - 20
45 =
-
3000 c
= s
1.0
2000
05
1000 o0
50 100 150 200 250 300

(b) Temperature (°C)

Fig. 6. Temperature and frequency dependence of the dielectric properties for:
(a) x=0.0 and (b) x=0.5 ceramics.
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dielectric constant follows the Curie—Weiss law:

where c is the Curie constant and 7 is the Curie—Weiss tempera-
ture [1,20,21]. For a ferroelectric with a diffuse phase transition

max)

In(1/s-1/e

ey
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(broad peak), the following equation:
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has been shown to be valid over a wide temperature range instead
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is the temperature at which the dielectric constant is maximum.
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If the local Curie temperature distribution is Gaussian, the recip-
rocal permittivity can be written in the form [23,24]:
— Y

L1, @ Ty .
&  &m 2ems?

where ey, is maximum permittivity, y the diffusivity and § is
diffuseness parameter. For (1—x)PZT-xBT compositions, the
diffusivity (y) and diffuseness parameter (§) can be estimated
from the slope and intercept of the dielectric data shown in
Fig. 7, which should be linear. The values of y and § are both
materials constants depending on the composition and struc-
ture of materials [24]. The value of y is the expression of the
degree of dielectric relaxation, while the parameter § is used to
measure the degree of diffuseness of the phase transition. In a
material with the “pure” diffuse phase transition described by the
Smolenskii—Isutov relation (Eq. (2)), the value of y is expected
to be 2 [18]. The plots shown in Fig. 7 show that the variation is
very linear with the correlation of all the fits >0.999. The mean
value of the diffusivity (y) is extracted from these plots by fit-
ting a linear equation. The values of y illustrated in Fig. 8 vary
between 1.73 and 1.93, which confirms that diffuse phase tran-
sition occur in PZT-BT system. However, the phase transition
in this system can be considered as “no purely” diffuse as the
y value is not equal to 2 [18]. Since for a perovskite ferroelec-
tric it is established that the values of y and § could be caused
by microstructure feature, density and grain size [18,25]. How-
ever, the relationship between these values, density and grain
size in this work has not shown a very clear tendency. Never-
theless, this density and grain size effect can partly be the cause
of increasing of the diffusivity when BT is added to PZT since
the average grain size ranges from 2.4 um in PZT to 4.2 pum in
0.4PZT-0.6BT, while the density decreases from 7.7 g/cm? in
PZT to 6.3 g/cm? in 0.4PZT-0.6BT. With increasing BT con-
tent, the values of y and § seem to increase linearly over the
wide composition range (as plotted in Fig. 8), which indicates
more diffuse phase behavior in PZT-BT system with increas-
ing BT content (up to x=0.5). It should be noted the value of
y for PZT is nearly 2 (theoretical is 1 for normal ferroelectric
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Fig. 8. Plots of diffusivity (y) and diffuseness parameter (§) for (1—x)PZT—xBT
ceramics.

with sharp phase transition). This is probably because the mix-
ing of rhombohedral and tetragonal phases in PZT compound
(verified by XRD in Fig. 2) and a formation of pyrochlore phase
in pure PZT (though not detected by XRD) induced the occur-
rence of the chemical disorder and composition heterogeneity,
which in turn lead to more diffuse phase transition behavior in
PZT. As adding 10mol% BT to PZT, the value of y slightly
drops from 1.78 to 1.73, it can be assumed that small amount
of BT helps stabilize perovskite phase in PZT, as observed ear-
lier by Halliyal et al. [23] in case of PZN. However, with further
increase in BT content, y value increases and reaches the highest
value at x=0.5. The appearance of diffuseness has been nor-
mally argued in terms of variations in local composition giving
rise to distinct microregions, each of which has slightly different
Curie point for its ferro-paraelectric phase transition resulting
in a broad dielectric peak [18,26,27]. In this study, the vari-
ation in the diffuseness (Fig. 8) appears to coincide with the
XRD results in Fig. 2, which indicate the co-existence of both
tetragonal and rhombohedral phases and the microscopic com-
position fluctuations as a result of incomplete homogeneity in
the PZT—BT solid solution. In addition, it is believed that there
is an incomplete solubility of BT phase in PZT, little amount
of BT (not detected by XRD) could remain as a secondary
phase, leading to heterogeneous compositions. This composi-
tion heterogeneity also gives rise to random fields, which tend
to make the phase transition “diffuse” instead of sharp as in
normal ferroelectric [26,27]. For the compositions with x>0.5,
BT is now a dominant phase and the situation is reversed,
hence the values of y and § then decrease with increasing BT
content.

4. Conclusion

Phase formation characteristics of perovskite PZT-BT
ceramics have been investigated for the whole series of com-
positions with XRD analysis. All compositions show complete
solid solutions without unwanted phase. The crystal structure
of (1—x)PZT—xBT system changes gradually from only tetrag-
onal phase in BT to co-existence of tetragonal and rhombo-
hedal phases with increasing PZT content. The (200)/(002)
peak was found to split at x=0.6 and the triplet peak appears
with increasing PZT content. From XRD data, it can be seen
that the possible range of compositions which corresponds to a
phase transition is 0.6 <x < 0.7. Lattice parameters and degree of
tetragonality were found to vary with chemical composition and
increase with decreasing PZT contents. The dielectric studies
indicated that the phase transition behavior of the ceramic com-
positions becomes more diffuse with increasing BT content up to
50 mol%.
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Abstract

A columbite-like phase of zinc niobate, ZnNb,Og, has been synthesized by a solid-state reaction via a rapid vibro-milling technique. The
formation of the ZnNb,Og phase in the calcined powders has been investigated as a function of calcination conditions by TG-DTA and XRD
techniques. Morphology, particle size and chemical composition have been determined via a combination of SEM and EDX techniques. It has
been found that single-phase ZnNb,Os powders were successfully obtained for calcination condition of 600°C for 2h or 550°C for 6h with
heating/cooling rates of 30°C/min. Clearly, this study has demonstrated the potentiality of a vibro-milling technique as a significant time-saving
method to obtain single-phase ZnNb,O4 nanopowders (~50-300nm) at low calcination temperature.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Zinc niobate; ZnNb,Og; Columbite; Calcination; Phase formation; Powders; Solid-state reaction

1. Introduction

Zinc niobate (ZnNb,Og, ZN) is one of the binary niobate
compounds with excellent dielectric properties at microwave
frequencies [1-3]. It has very low loss and high dielectric
constant and is a promising candidate for applications in
microwave devices [4—6]. This compound with a columbite
crystal structure is also a suitable reference material for in-
vestigating the defect induced in LiNbO5 substrates for wave-
guide fabrication [6,7]. Moreover, recently, it is well established
as the key precursor for the successful preparation of single-
phase ferroelectric perovskite Pb(Zn;;3Nb,;3)0; (PZN)-based
ceramics, which is becoming increasingly important for
actuator, transducer and ultrasonic motor applications [8,9].

There has been a great deal of interest in the preparation of
single-phase PZN powders as well as in the sintering and
piezoelectric properties of PZN-based ceramics [10—14]. In
general, the constituents ZnO and Nb,Os are first mixed and
reacted together to form zinc niobate (ZnNb,Og), prior to mixing
and reacting with PbO in the second step of calcination at
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E-mail address: Supon@chiangmai.ac.th (S. Ananta).

0167-577X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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elevated temperature. Interestingly, this mixed oxide route has
been employed with minor modifications in the synthesis of
ZnNb,Oy itself [10—12]. However, powders prepared by a
mixed oxide route have spatial fluctuations in their composi-
tions. The extent of the fluctuation depends on the characteristics
of the starting powders as well as on the processing schedule.
Generally, the mixed oxide method involves the heating of a
mixture of zinc oxide and niobium oxide above 900 °C for long
times i.e. 2h [2,5,13], 4h [12,14], 6h [15] and 8h [16]. The
optimization of calcination conditions used in the mixed oxide
process, however, has not received detailed attention, and the
effects of applied dwell time and heating/cooling rates have not
yet been studied extensively.

Therefore, the main purpose of this work was to explore a
simple mixed oxide synthetic route for the production of
ZnNb,Og (ZN) powders via a rapid vibro-milling technique and
to perform a systematic study of the reaction between the starting
zinc oxide and niobium oxide precursors. The phase formation
and morphology of the powder calcined at various conditions
will be studied and discussed. The rapid vibro-milling technique
was employed to explore the potentiality in obtaining nano-sized
powders, which would in turn lead to lower required firing
temperature.
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2. Experimental procedure

The starting materials were commercially available zinc
oxide, ZnO (Fluka Chemical, 99.9% purity) (JCPDS file number
89-1397) and niobium oxide, Nb,Os (JCPDS file number
30-873) (Aldrich, 99.9% purity). The two oxide powders ex-
hibited an average particle size in the range of 3.0-5.0 um.
ZnNb,O4 powders were synthesized by the solid-state reaction
of thoroughly ground mixtures of ZnO and Nb,O5 powders that
were milled in the required stoichiometric ratio. Instead of
employing a ball-milling procedure [1,13—15], a McCrone
vibro-milling technique was used [17]. In order to combine
mixing capacity with a significant time saving, the milling
operation was carried out for 0.5h with corundum cylindrical
media in isopropyl alcohol (IPA). After drying at 120°C for 2h,
the reaction of the uncalcined powders taking place during heat
treatment was investigated by themogravimetric and differential
thermal analysis (TG—DTA, Shimadzu), using a heating rate of
10°C/min in air from room temperature up to 1000 °C. Based on
the TG—DTA results, the mixture was calcined at various con-
ditions, i.e. temperatures ranging from 500 to 900°C, dwell
times ranging from 0.5 to 8 h and heating/cooling rates ranging
from 5 to 30°C /min, in closed alumina crucible, in order to
investigate the formation of zinc niobate.

Calcined powders were subsequently examined by room
temperature X-ray diffraction (XRD; Siemens-D500 diffractom-
eter), using Ni-filtered CuK,, radiation to identify the phases
formed and optimum calcination conditions for the formation of
ZN powders. Powder morphologies and particle sizes were di-
rectly imaged, using scanning electron microscopy (SEM; JEOL
JSM-840A). The chemical compositions of the phase formed
were elucidated by an energy-dispersive X-ray (EDX) analyzer
with an ultra-thin window. EDX spectra were quantified with the
virtual standard peaks supplied with the Oxford Instruments eXL
software.
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3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed in the
stoichiometric proportions of ZnNb,Og is displayed in Fig. 1. In the
temperature range from room temperature to ~200°C, the sample
shows both exothermic and endothermic peaks in the DTA curve,
consistent with the first weight loss. These observations can be
attributed to the decomposition of the organic species from the milling
process [17,18]. Increasing the temperature up to ~1000°C, the solid-
state reaction occurred between ZnO and Nb,Os [2,5,13]. The broad
exotherm with several small peaks in the DTA curve represents that
reaction, which has a maximum at ~550 and 800°C. These are
supported by a second fall in sample weight over the same temperature
range. However, it is to be noted that there is no obvious interpretation
of these peaks, although it is likely to correspond to a phase transition
reported by a number of workers [13—16]. These data were used to
define the range of calcination temperatures for XRD investigation
between 500 and 900°C.

To further study the phase development with increasing calcination
temperature in the powders, they were calcined for 2h in air at various
temperatures, up to 900 °C, followed by phase analysis using XRD. As
shown in Fig. 2, for the uncalcined powder, only X-ray peaks of
precursors ZnO (O) and Nb,Os (@), which could be matched with
JCPDS file numbers 89-1397 [19] and 3-873 [20], respectively, are
present, indicating that no reaction had yet been triggered during the
milling process. It is seen that fine ZnNb,Og crystallites (V) were
developed in the powder at a calcination temperature as low as 500°C,
accompanying with ZnO and Nb,Os as separated phases. This
observation agrees well with those derived from the TG—DTA results
and other workers [13,16]. As the temperature increased to 550°C, the
intensity of the columbite-like ZnNb,Og4 peaks was further enhanced
and became the predominant phase. Upon calcination at 600°C, an
essentially monophasic of ZnNb,Og phase is obtained. This ZN phase
was indexable according to an orthorhombic columbite-type structure
with lattice parameters a=1426pm, b=572 pm and ¢=504pm, space
group Pbcn (no. 60), in consistent with JCPDS file numbers 76-1827
[21]. This study also shows that orthorhombic ZN crystallite is the only
detectable phase in the powders, after calcination in the range of
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Fig. 1. TG-DTA curves for the mixture of ZnO—Nb,Os powder.
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Fig. 2. XRD patterns of ZN powders calcined at various temperatures for 2h with heating/cooling rates of 10°C/min.

600-900°C. In earlier works [12—16], long heat treatments at ~900—
1000°C for 2—8h were proposed for the formation of ZnNb,Og¢ by a
conventional mixed oxide synthetic route, although no details on phase
formation were provided. However, in the present study, it was found
that there are no significant differences between the powders calcined at
600 to 900°C with dwell time of only 2h, as shown in Fig. 2. This
observation would clearly suggest the advantages of a rapid vibro-
milling technique used in the present study.

Apart from the calcination temperature, the effect of dwell time was
also found to be quite significant. From Fig. 3, it can be seen that the
single phase of ZnNb,Og (yield of 100% within the limitations of the
XRD technique) was found to be possible in powders calcined at

600°C with dwell time of 2h or more. For the present work, there are
no significant differences between the powders calcined at 600 °C with
dwell times ranging from 2 to 8h. This was apparently a consequence
of the enhancement in crystallinity of the ZnNb,Og phase with
increasing dwell time. The appearance of ZnO and Nb,Os phases
indicated that full crystallization has not occurred at relatively short
calcination times. However, in the work reported here, it is to be noted
that single phase of ZnNb,Og powder was also successfully obtained
for a calcination temperature of 550°C with dwell time of at least 6h
applied (Fig. 4). This is probably due to the effectiveness of vibro-
milling and a carefully optimized reaction. The observation that the
dwell time effect may also play an important role in obtaining a single-
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Fig. 3. XRD patterns of ZN powders calcined at 600°C with heating/cooling rates of 10°C/min for various dwell times.
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Fig. 4. XRD patterns of ZN powders calcined at 550°C with heating/cooling rates of 10°C/min for various dwell times.

phase columbite product is also consistent with other similar systems
[22,23]. It is also very interesting to see that the on-set temperature is
approximately 300-400C lower than those reported earlier with a
conventional ball-milling method [12—15]. The difference could be
attributed to nano-sized mixed powders obtained from a rapid vibro-
milling. Most importantly, this study suggests that a rapid vibro-milling
method can significantly lower the optimum calcination temperature
for formation of single-phase ZN powders.

In the present study, an attempt was also made to calcine ZN
powders under various heating/cooling rates (Fig. 5). In this
connection, it is shown that the yield of ZnNb,O¢ phase did not vary
significantly with different heating/cooling rates, ranging from 5 to
30C/min, in good agreement with early results reported for the mixture
of the two kinds of refractory oxides [17,23].

Based on the TG—-DTA and XRD data, it may be concluded that,
over a wide range of calcination conditions, single-phase ZnNb,Og

cannot be straightforwardly formed via a solid-state mixed oxide
synthetic route, unless a careful design of calcination is performed. It is
well documented that powders prepared by a conventional mixed oxide
method have spatial fluctuations in their compositions. The extent of
the fluctuation depends on the characteristics of the starting powders as
well as the processing schedules [13,16,22]. The experimental work
carried out here suggests that the optimal calcination conditions for
single-phase ZnNb,Og¢ (with impurities undetected by XRD technique)
is 600°C for 2h or 550°C for 6h, with heating/cooling rates as fast as
30°C/min. Moreover, the formation temperature and dwell time for the
production of ZnNb,Og powders observed in this work are also much
lower than those reported earlier [14—16]. This clearly emphasizes the
advantages of a rapid vibro-milling technique.

Finally, the morphological changes in the ZnNb,O¢ powders formed
by a mixed oxide are illustrated in Fig. 6(a—f) as a function of
calcination temperatures, dwell times and heating/cooling rates,
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Fig. 5. XRD patterns of ZN powders calcined at 600°C for 2h with various heating/cooling rates.
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Fig. 6. SEM micrographs of the ZN powders calcined for 2h with heating/cooling rates of 10°C/min at (a) 600, (b) 900, and at 600°C with heating/cooling rates of
10°C/min for (c) 4, (d) 8h, and at 600°C for 2h with heating/cooling rates of (e) 10 and (f) 30°C/min.

respectively. The influence of calcination conditions on particle size is
given in Table 1. In general, the particles are agglomerated and irregular
in shape, with a substantial variation in particle size, particularly in
samples calcined at high temperature (Fig. 6(b)) or with fast heating/
cooling rates (Fig. 6(e,f)). This finding is also similar to that in ZrTiO4
powders synthesized by Ananta et al. [17]. The results indicate that

difference in particle size and degree of agglomeration tend to increase
with calcination temperatures (Table 1). After calcinations at 900°C
(Fig. 6(b)), the powders seem to display a significant level of necking
and bonding as if they were in the initial stages of sintering.

The effects of dwell time and heating/cooling rates on the morpho-
logy of the calcined powders were also found to be quite significant. As
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Table 1
Particle size range of ZnNb,O4 powders calcined at various conditions
Calcination conditions Particle
Temperature (°C) Dwell time (h) Rates (°C/min) size
range
(£10nm)
550 6 30 92-320
600 2 10 75-220
600 4 10 80-340
600 6 10 120-400
600 8 10 180-620
600 2 20 70-220
600 2 30 50-300
700 2 10 120-250
800 2 10 150-420
900 2 10 300-800

expected, it is seen that longer heat treatment leads to larger particle
sizes and hard agglomeration (Fig. 6(c,d)). As shown in Fig. 6(e,f), by
increasing the heating/cooling rates, averaged particle size tends to
decrease whilst the degree of agglomeration tends to increase. This
observation could be attributed to the mechanism of surface energy
reduction of the ultrafine powders, i.e. the smaller the powder the higher
the specific surface area [24]. To the author’s knowledge, the present
data are the first results for the morphology—calcination relationship of
ZnNb,Og powders prepared by the solid-state reaction. It is also of
interest to point out that mass production of single-phase ZnNb,Og
nanopowders with the smallest particle size ~50nm (estimated from
SEM micrographs) can be achieved by employing a simple solid-state
reaction combined with a rapid vibro-milling technique. In addition,
EDX analysis using a 20nm probe on a large number of particles of the
calcined powders confirms that the parent composition is ZnNb,Og
powders, in good agreement with XRD results.

The results obtained in this study clearly suggest that a systematic
study of the effect of milling parameters such as milling times and
milling speed on the phase and morphology evolutions of the ZnNb,Og
powders are required for better understanding and verifying the
attractiveness of the vibro-milling technique. Further investigation of
this relationship is underway and will be reported in the future.

4. Conclusions

The solid-state mixed oxide method via a rapid vibro-milling
technique is explored in the preparation of single phase ZN
nanopowders. The calcination temperature and dwell time have
been found to have a pronounced effect on phase formation and
particle size of the calcined ZnNb,Og powders. This work
demonstrated that single-phase of zinc niobate powders with
particle size ranging from 50-300nm can be produced via this

technique by using a calcination temperature of 600 °C for 2h or
550C for 6h, with heating/cooling rates of 30 C/min. The re-
sulting ZN powders consist of variety of agglomerated particle
sizes, depending on calcination conditions.
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The dielectric constant of lead-based ferroelectric ceramics in three different systems,
i.e. BT-PZT, PMN-PT and PMN-PZT, was measured under uniaxial compressive pre-
stress to investigate the contributions of different domain-phenomena. The dielectric
constant was observed at room temperature under the compressive pre-stress up to
15 MPa, 22 MPa and 5 MPa for BT-PZT, PMN-PT and PMN-PZT, respectively, us-
ing a homebuilt uniaxial compressometer. Dielectric constant of the BT-PZT ceramics
increased significantly with increasing applied stress. Larger changes in the dielectric
constant with the applied stress were observed in the PZT-rich compositions. However,
for PMN-PT and PMN-PZT ceramic systems, changes in the dielectric constant with the
stress were found to depend significantly on the ceramic compositions. The experimental
results could be explained by both intrinsic and extrinsic domain-related mechanisms
involving domain wall motions, as well as the de-aging phenomenon from the application
of the compressive pre-stress. Roles of different types of domains, i.e. micro-domains and
nano-domains, were also discussed.

Keywords: Domains; dielectric properties; ferroelectrics; uniaxial stress.

1. Introduction

Among perovskite ferroelectric materials, barium titanate (BaTiOs or BT), lead
titanate (PbTiOg or PT), lead zirconate titanate (Pb(Zr;_,Ti;)Os or PZT) and
lead magnesium niobate (Pb(Mg; ;3Nbg/3)O3 or PMN) ceramics have been investi-
gated extensively and continuously since the late 1940s. % BT and PT, PMN and
PZT are representative perovskite normal ferroelectrics, relaxor ferroelectrics, and
piezoelectric prototypes, respectively, because of their excellent electrical proper-
ties. These ceramics possess distinct characteristics that make each of them suitable
for different applications. Forming a composite of these ferroelectrics has been one
of the techniques employed to improve the properties of ferroelectric ceramics for

specific requirements for each application.? 4

3409



3410 R. Yimnirun

One of the most studied piezoelectric compounds, Pb(Zrg 52Tig.45)O3, a mor-
photropic phase boundary (MPB) compound of PZT, has great piezoelectric prop-
erties with a high Curie temperature (T¢) of ~390°C. BT exhibits high dielectric
constant and superior electrostrictive responses with a lower T¢ (~120°C).}"* In
addition, BT is mechanically superior to PZT, whereas PZT ceramics can be easily
sintered at temperatures much lower than that in BT ceramics, which usually re-
quire as high sintering temperature as 1400°C.> With their complementary features,
the composites between PZT and BT are expected to exhibit better properties than
the single-phase PZT and BT.!~3 Furthermore, the properties can also be tailored
over a wider range by changing the compositions to meet the strict requirements
for specific applications.3™6

PMN exhibits high dielectric constant and a broad range transition of dielec-
tric constant, with temperature as a function of frequency.?® In addition, PMN
ceramics exhibit low loss and non-hysteretic characteristics. These make PMN a
good candidate for a large number of applications, such as multilayer capacitors,
sensors and actuators. However, it is difficult to form a single-phase PMN. It is
widely accepted that forming a solid solution between PMN and PT results in
ceramics with high dielectric constant and large electrostrictive coefficients.”® In
addition, PMN ceramics have relatively low electromechanical coupling coefficients,
when compared with those of PZT, which are found in several actuator and trans-
ducer applications due to the latter’s high electromechanical coupling coefficients
and higher temperature of operation.'* However, PZT ceramics also possess highly
hysteretic behavior, which makes them unsuited for applications that require high
delicacy and reliability. Furthermore, PZT ceramics normally have very high Curie
temperature (T¢) in the vicinity of 400°C.12 Usually many applications require
that T be close to ambient temperature. Therefore, there is a general interest to
reduce the T of PZT ceramics to optimize their uses. With the complementary
features of PMN and PZT, the composites between PMN and PZT are expected to
synergetically combine the properties of both ceramics, which could exhibit more
desirable piezoelectric and dielectric properties for several technologically demand-
ing applications than single-phase PMN and PZT.!%!1 With the reasons outlined
above, it is therefore of interest to investigate the PMN-PT and PMN-PZT systems.

In many applications, these ferroelectric ceramics are often subjected to me-
chanical loading, either deliberately in the design of the device itself or because
the device is used to change shapes as in many smart structure applications or
when the device is used under environmental stresses.%!2:13 Despite the fact, mate-
rial constants used in any design calculations are often obtained from a stress-free
measuring condition, which in turn, may lead to incorrect or inappropriate actu-
ator and transducer designs. It is therefore important to determine the properties
of these materials as a function of applied stress. Previous investigations on the
stress-dependent dielectric and electrical properties of many ceramic systems have
clearly emphasized the importance of the matter.!*'® More importantly, since these
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three ceramic systems possess very distinct dielectric characteristics, they display
significantly different ranges of Curie temperature (7). BT-PZT has a range of
Tc between 120°C and 400°C,'6 while the range extends from —10°C to 490°C for
PMN-PT” ? and from —10°C to 400°C for PMN-PZT.!7-!® The experimental re-
sults of the uniaxial stress dependence of the room temperature dielectric properties
of these ceramic systems will provide a tool in assessing the contributions of dif-
ferent domain-related mechanisms in these important ferroelectrics. Therefore, this
study is undertaken to investigate the influences of the uniaxial compressive pre-
stress on the dielectric properties of ceramics in BT-PZT, PMN-PT and PMN-PZT
systems.

2. Materials and Methods

The ceramic composites with formula BaTiOs-Pb(Zrg 52Tip.45)O3 or BT-PZT,
Pb(Mg; /3Nby,3)03-PbTiO3 or PMN-PT and Pb(Mg; /3Nby/3)03-
Pb(Zrg52Tig.48)O3 or PMN-PZT were prepared from the starting BT, PT,
PZT and PMN powders by a mixed-oxide method. BT, PT and PZT pow-
ders were first prepared by a conventional mixed-oxide method. On the other
hand, perovskite-phase PMN powders were obtained via a well-known columbite
method.!® Subsequently, the (r)BaTiOz—(1-2)Pb(Zrg 52Tip.48)O3 (when z = 0.0,
0.05, 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, 0.95, and 1.0), the (1 —
Z‘)Pb(Mgl/ngg/g,)Og*(ﬂf)Pb(ZI‘of,QTi()Ag)03 (when Tr = 01, 02, 03, 04, and 05)
and the (Z‘)Pb(Mgl/ngg/g,)03*(lfx)Pb(ZI‘o.g,QTi()Ag)Og (when T = 00, 01, 03,
0.5, 0.7, 0.9, and 1.0) ceramic composites were then prepared from the starting
BT, PT, PZT and PMN powders by the similar mixed-oxide method described
above at various processing conditions. The detailed descriptions of powders and
ceramics processing and characterizations were presented thoroughly in the earlier
publications.!6718

For dielectric property characterizations, the sintered samples were lapped to
obtain parallel faces, and the faces were then coated with silver paint as electrodes.
The samples were heat-treated at 750°C for 12 min to ensure the contact between
the electrodes and the ceramic surfaces. The samples were subsequently poled in
a silicone oil bath at a temperature of 120°C by applying a dc field of 20 kV/cm
for 30 min for BT-PZT ceramics, while for PMN-PT and PMN-PZT ceramics, the
poling condition was 25 kV /cm for 30 min and field-cooled to room temperature. To
study the effects of the uniaxial compressive pre-stress on the dielectric properties,
the uniaxial compressometer was constructed. The uniaxial compressive pre-stress
applied parallel to the electric field direction was supplied by the servohydraulic
load frame and the applied stress was monitored with the pressure gauge of the
load frame. The details of the system were described elsewhere.20:2! The dielectric
properties were measured through spring-loaded pins connected to the LCZ-meter
(Hewlett Packard, Model 4276A). The capacitance was determined at a frequency
of 1 kHz and room temperature (25°C). The dielectric constant was then calcu-
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lated from a parallel-plate capacitor equation, e.g. e, = Cd/egA, where C is the
capacitance of the sample, d and A are the thickness and the area of the electrode,
respectively, and g¢ is the dielectric permittivity of vacuum (8.854 x 10712 F/m).

3. Results and Discussion

The experimental results of the uniaxial compressive pre-stress dependence of the
dielectric constant of the ceramics in BT-PZT, PMN-PT and PMN-PZT systems
are displayed in Figs. 1-3. For BT-PZT system (Fig. 1), there is a significant change
of the dielectric constant of the ceramics when the applied stress increases from
0 MPa to 15 MPa. The changes of the dielectric constant with the applied stress
can be divided into three different groups. For PZT ceramic, the dielectric constant
increases exponentially with the applied stress. It can be seen that the dielectric
constant is enhanced by approximately 8% at 15 MPa applied stress. For PZT-
rich compositions (0.05BT-0.95PZT, 0.15BT-0.85PZT, 0.25BT-0.75PZT, 0.35BT-
0.65PZT and 0.45BT-0.55PZT), the dielectric constant increases rather linearly
with increasing applied stress. The changes in the dielectric constant between 2% to
4% at 15 MPa applied stress are obviously smaller than that observed in PZT. For
BT-rich compositions (BT, 0.95BT-0.056PZT, 0.85BT-0.15PZT, 0.75BT-0.25PZT
and 0.65BT-0.35PZT), the dielectric constant only rises slightly (< 2%) and in

1.09
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’ —A—0.85PZT-0.15BT
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= 1.06 —©—0.55PZT-0.45BT
w —+—0.45PZT-0.55BT
S‘ 1.05 | —6—0.35PZT-0.65BT
qb')() —A—0.25PZT-0.75BT
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Stress (MPa)

Fig. 1. Relative changes of dielectric constant (¢,) as a function of compressive pre-stress for
(z)BT—(1-2)PZT ceramics.



Contributions of Domain-Related Phenomena on Dielectric Constant 3413

1.2
1.0 4 800 o o o o o ¢ s e T T v
o
£
g 8
[
[}
=
o
[]
2 .6
E
[}
= —e— 0.5PMN-0.5PT
4 4| —— 0.6PMN-0.4PT
—— 0.7PMN-0.3PT
—+— 0.8PMN-0.2PT
—=— 0.9PMN-0.1PT
2 T T T T T T T T T

0.0 25 5.0 75 100 125 150 175 200 225
Stress ( MPa)
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Fig. 3. Relative changes of dielectric constant (e,) as a function of compressive pre-stress for
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a linear manner when the applied stress increases to the maximum amplitude.
Similar experimental results have been reported previously for soft PZT?223 in
which the dielectric properties are found to increase with increasing magnitude of
the compressive pre-stress.

The experimental result for the PMN-PT ceramics is shown in Fig. 2. The
changes of the dielectric constant with the applied stress can be divided into two
groups. For 0.9PMN-0.1PT ceramic, the dielectric constant decreases drastically
with the applied stress. The change is more than 70% decrease when the applied
stress increases to 22 MPa. On the other hand, for other PMN-PT ceramics, i.e. with
x values of 0.2-0.5, the change is minimal. The dielectric constant is actually rather
stable within this range of the applied stress.

Figure 3 displays the experimental results for the PMN-PZT ceramics. To
prevent mechanical failures usually occurring in PMN-PZT, the experiments are
carried out at the compressive pre-stress only up to 5 MPa. However, there is
already a significant change of the dielectric constant of the ceramics; even the
maximum applied stress is only 5 MPa. The changes of the dielectric constant
with the compressive pre-stress can be divided into two different groups. For PMN-
rich compositions (PMN, 0.9PMN-0.1PZT, and 0.7PMN-0.3PZT), the dielectric
constant generally decreases with increasing applied stress. However, it should be
noticed that only PMN and 0.9PMN-0.1PZT compositions show definite decreases
in the dielectric constant, while the dielectric constant of the 0.7PMN-0.3PZT com-
position initially increases, then decreases with very little difference in the dielectric
constant between 0 MPa and 5 MPa. On the other hand, for PZT-rich compositions
(PZT, 0.1PMN-0.9PZT, 0.3PMN-0.7PZT, and 0.5PMN-0.5PZT), the dielectric con-
stant rises slightly when the compressive pre-stress increases from 0 MPa to 1 MPa,
and becomes relatively constant when the pre-stress increases further.

To understand these experimental results, various effects will have to be con-
sidered. Normally, the properties of ferroelectric materials are derived from both
the intrinsic contribution, which is the response from a single domain, and extrinsic
contributions, which are from domain wall motions. 41224726 Intrinsically, these
ferroelectric materials consist of different types of domains, depending upon com-
position and temperature. In normal ferroelectrics such as BT, PT and PZT, the
domains called “micro-domain” are present when the temperature is below T, and
the domains are non-existent above To. On the other hand, in a relaxor ferroelectric
like PMN, the domain size gradually changes from nano-domain to micro-domain
when the temperature decreases from far above temperature with maximum di-
electric constant (Tiax) to below depolarization temperature (7). Normally, the
responses of nano-domains to the external compressive pre-stress result in the de-
crease in the dielectric constant with stress.?® The extrinsic contribution is also
very important. When a mechanical stress is applied to a ferroelectric material, the
domain structure in the material will change to maintain the domain energy at a
minimum; during this process some of the domains engulf other domains or change
shape irreversibly. Under a uniaxial stress, the domain structure of ferroelectric
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ceramics may undergo domain switching, clamping of domain walls, de-aging and
de-poling.?®

For the case of BT-PZT system, which exhibits normal ferroelectric behavior,
the results on the uniaxial compressive pre-stress dependence of the dielectric con-
stant can easily be explained with the contribution from the extrinsic contribution
because the range of T for these ceramics is far above the room temperature, at
which the experiment was carried out. Therefore, the main contribution is from
micro-domains and the domain walls. When the uniaxial compressive pre-stress is
applied in the direction parallel to the poling direction, the stress will move some
of the polarization away from the poling direction, resulting in a change in do-
main structures.!#242% This change increases the non-180° domain wall density.
Hence, the increase of the dielectric constant with the applied stress can be ob-
served. The de-aging mechanism is also expected to play a role here. However, the
stress clamping of domain walls and the de-poling mechanisms are not expected
at this relatively-low stress level used in this study.?” Therefore, a combination of

16

the domain switching and the de-aging mechanism is believed to be a reason for
the increase of the dielectric constant with increasing applied stress in the BT-PZT
system, as shown in Fig. 1.

The situation for the PMN-PT system is a little more complex because this sys-
tem is a mixing between the normal ferroelectric PT and the relaxor ferroelectric
PMN. Therefore, there is a competing mechanism between the two types of materi-
als, depending on temperature and composition. Since the Ty, .« for 0.9PMN-0.1PT
is ~30°C37 9 and the experiment was performed at ~25°C, the nano-domains con-
tribute greatly to the dielectric response; hence a significant decrease in dielectric
constant with increasing stress is observed. For other compositions with higher T}, .«
(110°C for 0.8PMN-0.2PT to 270°C for 0.5PMN-0.5PT),” ? since there are compet-
ing influences of the intrinsic contribution of domains, mainly micro-domains, and
the extrinsic contribution of re-polarization and growth of micro-polar regions, with
opposite responses, the dielectric constant of these compositions becomes rather
stable with increasing applied stress, as seen in Fig. 2.

For the PMN-PZT system, the results for the case of PZT-rich compositions
can easily be explained in the same way as in the BT-PZT system. Since PMN is
a relaxor ferroelectric material, the situation is very different for PMN-rich com-
positions. The stress dependence of the dielectric constant of the compositions is
attributed to competing influences of the domain contribution and the extrinsic
contribution of re-polarization and growth of micro-polar regions.'*27 Since the di-
electric response of both contributions is affected by the applied stress in an opposite
way, the behavior of the composites depends on the composition ratio between PMN
and PZT. Since the measurements were carried out at room temperature (25°C),
the nano-domains dominate the dielectric response of the composites.?” Therefore,
the dielectric constant of the PMN-rich compositions decreases with increasing ap-
plied stress, as seen in Fig. 3.
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4. Conclusions

In this study, the dielectric constants under the uniaxial compressive pre-stress
of the BT-PZT, PMN-PT and PMN-PZT ceramics are observed at stress up to
15 MPa, 22 MPa and 5 MPa, respectively, using a uniaxial compressometer. The
dielectric constant of the BT-PZT ceramics increases significantly with increasing
applied stress. Larger changes in the dielectric constant with the applied stress are
observed in the PZT-rich compositions. For PMN-PT system, the dielectric con-
stant of 0.9PMN-0.1PT decreases significantly with the applied stress, while that of
other compositions is rather stable. For PMN-PZT system, the dielectric constant
of the PMN-rich compositions decreases, while that of the PZT-rich compositions
increases slightly with increasing applied stress. The experimental results are ex-
plained in terms of domains, domain walls and de-aging mechanisms. The contri-
butions of different domain-related phenomena to the dielectric responses of these
lead-based ferroelectric ceramics under the compressive pre-stress depend greatly
on compositions and temperature. Finally, this study undoubtedly shows that the
applied compressive pre-stress has significant influences on the dielectric properties
of the lead-based ferroelectric ceramics.
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Scaling behavior of dynamic hysteresis in soft lead zirconate
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The scaling behavior of the dynamic hysteresis of ferroelectric bulk system was investigated. The
scaling relation of hysteresis area (A) against frequency f and field amplitude E, for the saturated
loops of the soft lead zirconate titanate bulk ceramic takes the form of (A)« f~V4E,, which differs
significantly from that of the theoretical prediction and that of the thin film. This indicates that the
scaling relation is dimension dependent and that depolarizing effects in the interior must be taken
into account to model bulk materials. Additionally, the scaling relation for the minor loops takes the
form of (A)oc f~13E3, which is identical to that of the thin film as both cases contain similar 180°
domain-reversal mechanism. © 2006 American Institute of Physics. [DOI: 10.1063/1.2363143]

Lead zirconate titanate [Pb(Zr,_,Ti,)Oz or PZT] ceram-
ics have been employed extensively in sensors and actuators,
particularl?/ donor-doped PZT with “soft” piezoelectric
behaviors."” In these applications, the dynamic hysteresis,
i.e., hysteresis area (A) as a function of the field amplitude E,
and frequency f, has become an important consideration.'”
Many theoretical studies have been focused on scaling law
(A)x f“Eg (where « and B are exponents that depend on the
dimensionality and symmetry of the system) of hysteresis
curves in polarization systems.4’7 The three-dimensional
models [(P?)? and (®?)’] by Rao et al* and other
investigators7’8 proposed two scaling relations applicable to
the low-f and high-f limits as follows:

(A) = fBEP  as f— 0, (1)

(Ayoc fUE)  as f— oo, (2)

Technologically, it is helpful to understand the scaling
behavior so that the ultrahigh-frequency hysteresis can be
predicted. Hence, there have been reports on the scaling be-
havior of the dynamic hysteresis in ferromagnetic and ferro-
electric thin films, with some discregancies between theoret-
ical and experimental results.®™ In contrast to the
theoretically predicted scaling relation at high-f limit in Eq.
(2), the experimental investigation on PZT thin film'* has
resulted in a different relation, i.e.,

(Ayc f1PES as f— o, 3)

Interestingly, there has been no report on the scaling
studies of ferroelectric hysteresis in bulk ceramics. Thus, we
present in this letter the results on the scaling behavior of the
dynamic hysteresis of soft PZT bulk ceramic.

The dynamic hysteresis (P-E) loops of commercial soft
PZT ceramic disks (PKI-552, Piezo Kinetics Inc., USA) with
diameter of 10 mm and thickness of 1 mm were character-
ized at room temperature (25 °C) by using a modified
Sawyer-Tower circuit with f covering from 2 to 100 Hz and
Ey from 0 to 18 kV/cm. The electric field was applied to a
sample by a high voltage ac amplifier (Trek 610D) with the
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89, 162901-1

input sinusoidal signal from a function generator (HP
3310A). The P-E loops were recorded by a digital oscillo-
scope (HP 54645A, 100 MHz). Each loop was obtained after
20 sampling cycles to average out the noise deformation. The
details of the system were described elsewhere.'* The hys-
teresis loop obtained was very consistent with that obtained
by a standardized ferroelectric testing unit, RT66A (Radiant
Technologies Inc., NM), which ensures the reliability of the
measurements.

The hysteresis loops at different f but fixed E,
(18 kV/cm) and at different E; but fixed f (100 Hz) are
shown in Fig. 1. The loop area (A), remanent polarization
(P,), and coercive field (E.) decrease with an increase of
frequency, as shown in Fig. 1(a). The dependence of the
hysteresis loop on Ej is depicted in Fig. 1(b). For small fields
(6 and 12 kV/cm), the loop does not saturate. With further
increase in E,, (A), P,, and E,. increase until well saturated
loop is achieved. Similar observations have been reported in
thin films.”'""

To investigate the scaling behavior, we followed the the-
oretical predictions on the loop area®® by plotting (A)
against f~'Ej. The data are shown in Fig. 2(a) and the dotted
line represents a fitting in terms of (A)ocf'E3. Clearly, the
theoretically proposed scaling relation in Eq. (2) cannot be
directly applied to the data obtained in this study. Moreover,
earlier experimental work'® on the PZT thin film showed a
different relation, expressed in Eq. (3). To check the validity
of the relation on the bulk ceramic, we plot (A) against
fYBE2, as shown in Fig. 2(b) with the dotted line represent-
ing a fitting in terms of (A)xf'Ej. Large deviation ob-
served also implies that the experimentally obtained scaling
relation for the thin film is not applicable to the bulk ce-
ramic. However, a closer check shows that Egs. (2) and (3)
appear to yield reasonable fits to the low FE-field data, as
shown in Fig. 2. The discussion on this observation will be
formulated later.

To obtain the suitable scaling relation for the bulk ce-
ramic, one can fit the data with (A) o« f"Ej, where m and n
are exponents to be determined directly from the experimen-
tal data. By plotting (A) against f at fixed E,,, one obtains the
exponent m. On the other hand, the exponent n can be ob-
tained from plotting (A) against E, at fixed f. As plotted in

© 2006 American Institute of Physics
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FIG. 1. (Color online) Hysteresis loops for soft PZT ceramic (a) at various
fand E;=18 kV/cm and (b) at various E, and f=100 Hz.

Fig. 3(a), it is revealed that the high E-field data can be much
better fitted (with R>=0.97), within the measured uncertainty,
by

<A>°<f_l/4E0. (4)

Though the minor loop data were excluded from the fit-
ting reported in Eq. (4), it is possible that a different scaling
behavior could be established for the low E-field region, as
also reported in previous investigations.'"'? More discus-
sions on this will follow.

The scaling relation obtained in Eq. (4) indicates that (A)
decays more slowly with f and grows more slowly with E|,
than the theoretical prediction, Eq. (2). (A) also decays
slightly slower with f, but grows much more slowly with E
than the PZT thin film, Eq. (3). An explanation for the dif-
ference may come from the polarization-interaction terms as
considered in the (®%)? and (®2)* models, in which the po-
larization flip just has one contribution, i.e., polarization
reversal.*> This requires overcoming high energy barrier.
The Potts model used by Liu et al. '3 also has the polarization
orientation in various domains in directions not antiparallel
to the direction of E, hence requires lower energy barrier for
polarization flip to occur, which results in a higher exponent
of 3 in the E, term, as compared to the exponent of 2 in the
theoretical models. However, in ceramics, there are influ-
ences of many depolarizing effects, arisen from domain
walls, grain boundaries, space charges, immobile defects,
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FIG. 2. (Color online) Scaling of hysteresis area (A) against (a) f"E(zJ and
(b) £7'E} for soft PZT ceramic.

etc., which may retard the external field. Consequently, the
energy barrier is very much higher, which leads to slower
polarization-flip kinetics. Therefore, a low exponent for the
E, term is expected from the ceramics.

In addition, the f term shows an exponent of —1/4,
smaller in absolute value than that of PZT thin film (expo-
nent is —1/ 3).13 To explain the difference, one may need to
consider not only the contribution from the domain switch-
ing and ionic type in thin films' but also additional contri-
butions to hysteresis properties from space charges on grain
boundaries, induced electric field from interface layers, im-
mobile defects,' etc. Therefore, in a bulk-ceramic type these
depolarizing effects, acting as a buffer to polarization-
reversal mechanism, will be stronger than those in thin film
structure. As a result, the hysteresis area must show a rela-
tively weaker dependence on f than that observed in thin
films.

Returning to the observation in Fig. 3(a), there are actu-
ally two slopes—one at low E fields (high frequencies) and a
different slope at high E fields (low frequencies). Addition-
ally, Egs. (2) and (3) appear to yield reasonable fits to the
low E-field data in Fig. 2. In contrast, Eq. (4) appears to fit
the high E-field data to a reasonable extent. It is therefore
important to explain the fundamental nature of the different
slopes. Probable reasons lie in the complexities of the do-
main structure of PZT, which also depends on the
dimensionality.l(”l7 A number of recent studies have explored
this behavior and reported that it is likely that different do-
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main walls are being activated at different fields.*™'7?° Gen-
erally, PZT ceramics have 180° and non-180° domain
structures.'”?® As the non-180° domain switching is nor-
mally accompanied with mechanical strain, it occurs at
higher E field than the 180° domain reversal does. '8
Therefore, under low E fields, one would expect the 180°
domain reversal to occur first. It is also well known that the
non-180° domain wall motion is typically very heavily
clamped in thin films.'” Therefore, the main switching con-
tribution in thin films would be from the 180° domain rever-
sal. This explains why the scaling behavior of PZT bulk ce-
ramics at low E fields is similar to that of thin films. This is

Appl. Phys. Lett. 89, 162901 (2006)

further supported by the scaling relation of PZT bulk ceram-
ics obtained for low E fields in the form of (A) o f~13E3 as
shown in Fig. 3(b). Considering the various domain types
observed in PZT, it should be worthwhile to examine the
scaling relation for a simpler ferroelectric with only one type
of domain wall (e.g., BiyTiz0,,). Interestingly, a previous
investigationzl on Nd-doped Bi,TizO,, yielded a scaling in
the form of (A)oc f23E2, which is closer to the theoretical
prediction [Eq. (2)] and that for the SrBi,TayO, thick film."?

In summary, the scaling relation for the saturated hyster-
esis loops of the soft PZT ceramic takes the form of (A)
o f~V4E,, which differs significantly from that of the theoret-
ical prediction and that of the PZT thin film. Additionally, the
scaling relation for the minor loops is identical to that of thin
films, i.e., (Ayo f13E,.
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Polarization behavior in lead titanate, prepared by the two stage sintering approach, is deter-
mined by using the dilatometer thermal expansion data. We report the temperature-dependent

measurements of the strain, the magnitude of polarization, ﬁg, deduced from the sets of data
gathered from the thermal expansion values. The calculated values of the electric polarization,
Ps, on the two stage sintered lead titanate ceramics show the simple approach to determine
the temperature dependence of the polarization below and around the transition temperature.
Various aspects of our understanding of the polarization behavior and other effects in the fer-
roelectric are discussed.

Keywords: polarization behavior; thermal expansion; lead titanate

INTRODUCTION

The high Curie temperature of lead titanate, PbTiO3, ceramics has long
qualified these materials for potential high-temperature and high frequency
applications [1-3]. For PbTiOs3, above the ferroelectric transition tempera-
ture, T¢, the structure is cubic and below T it becomes tetragonal with a
spontaneous polarization Ps. In general, the value of Py is difficult to mea-
sure due to its high coercive field and T¢ &~ 490°C [1]. However, the change
in polarization with temperature can be observed through thermal expansion
(or strain) measurements and from the data, spontaneous polarization and

*Corresponding author. E-mail: asb2 @psu.edu
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its temperature dependence can be computed. Some authors [4, 5] suggest
the value of Pg at room temperature to be greater than 50 C/cm?”. Shirane
[6] and Jona [7] give the value of Pg = 80 wClem?.

It is always a challenge to measure the temperature-dependence of the
polarization of the high T ferroelectric over the entire temperature range.
In general with the increase in temperature and due to the increase in losses
in the PbTiO3 samples it hinders the real spontaneous polarization and its
(Ps) temperature dependence measurements at higher temperature by using
the hysteresis and pyroelectric techniques. Therefore, some alternate ap-
proaches have to be made in order to extract some useful data on PbTiO3 for
the polarization versus temperature behavior. From the phenomenological
approach we know that the Pg values can be extracted by using the relation

(8];
Al ,
Xj= = Qi Py (D

where x;; is the strain, Al/l is thermal expansion, Qjj is the electrostrictive
coefficient. Q coefficients are determined in paraelectric phase and consid-
ered constant. And P]% is the polarization.

Also, by knowing the Al/l and its temperature dependence, Py versus
temperature as well as the transition temperature of PbTiO; and the nature
of the transition can be studied.

In this paper, we report the Pg versus temperature behavior of PbTiO;
samples prepared and sintered under various conditions. Thermal expansion
versus temperature behavior has been measured and the values of polariza-
tion at various temperatures have been computed. Measurements have also
been extended on the unpoled, poled and depoled samples and compared.
As clear from the equation (1) that Al/l is directly related to the square of
polarization and thus the measurements do not specifically require the poled
samples.

EXPERIMENTAL PROCEDURE

Commercially available powders of PbO and TiO, (anatase form), (Fluka,
>99% purity) were used as starting materials. PbTiO3 powders were syn-
thesized by a simple mixed oxide method. Ceramic fabrication was achieved
by adding 3 wt% polyvinyl alcohol binder, prior to pressing as pellets in a
pseudo-uniaxial die press at 100 MPa. Each pellet was placed in an alumina
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crucible together with an atmosphere powder of identical chemical compo-
sition. Sintering was carried out with a dwell time of 2 h at each step, with
constant heating/cooling rates of 1°C/min [9]. Three sets of the first sintering
temperature were assigned for the two stage sintering [10] case: 700, 800
and 900°C. The second sintering temperature was set at 1200°C.

For thermal expansion measurement, the PbTiO3; samples were cut in bar
shapes (5 mm long and 1 mm thick). The sample was placed inside a fused
silica holder and the thermal expansion was measured as a function of tem-
perature using a linear voltage-differential transformer (LVDT) dilatometer.
The samples were heated at a rate of 2°C/min from room temperature to
600°C. The LVDT has an advantage over the other transformer; it gives a
linear output for every unit displacement.

RESULTS AND DISCUSSION

The thermal expansion behaviors of PbTiO3; ceramics synthesized under
various sintering condition and with unpoled, poled and depoled states were
measured by a high-sensitivity dilatometer, Table I summarizes the various
important features of these measurements. The results are shown in Figs. 1a,
1b and Ic, respectively. It should be noted that the thermal expansion mea-
surements were made during the first heating from room temperature after
poling. The results show the thermal expansion of PbTiO; ceramics sin-
tered at 700/1200°C, 800/1200°C and 900/1200°C, respectively in Figs. 1a,
b and c. The thermal expansion behaviors of these samples are linear at
temperatures above 500°C, i.e., above Curie temperature.

The change of strain at the Curie point may be easily seen in the thermal
contraction curves. The phase transition temperatures are in good agreement
with the published values [11, 12]. The curves on the depoled samples are
parallel to the curve for the unpoled sample, essentially restoring the sample

TABLE I Summary of the various important features of the thermal expansion
measurements

Calculates Pg at room

Tc (°C) temperature (uClem?)
Sample Unpoled Poledll Poled L  Unpoled Poledll Poled L
1 PbTiO3 700/1200°C 489 482 489 74.99 75.76 69.47
2 PbTiO3 800/1200°C 481 478 482 75.49 72.28 72.06

3 PbTiO3 900/1200°C 478 477 476 76.85 74.62 75.81
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dimension to the prepoled value. Effect of poling on thermal expansion
properties was also determined. It can be noted that the strain values for
both perpendicular and parallel (w.r.t. length direction) poled sampled can
be reduced or changed by the surface charge. Moreover, it is indicated that
the transition temperature is comparatively decreased from the Curie point
of the unpoled ceramics.

The high temperature data in the cubic phase, above T, can be approx-
imated by a straight line. The deviation from this linear high temperature
behavior occurs at approximately the same temperature (~500°C). On ana-
lyzing the deviation of the strain from the high temperature linear behavior
and by using Eq. (1) the Pg values can be obtained at various temperatures.
Using the values of Q;; = 8.9 x 1072 m*/C? and Q;, = —2.6 x 1072 m*/C?
[13], the Ps can be calculated. The results for various samples are plotted in

Ry (-
,
,

Strain AL/L (Relative scale)
®
AY

__ﬁ————_—"—-b_

L | . | . 1 L 1 " 1L .
0 100 200 300 400 500 600

Temperature ("C)
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Figure 1. Strain as a function of temperature for PbTiO; ceramics and of different
poling states: (1) unpoled, (2) poled parallel to the length direction, (3) poled per-
pendicular to the length direction, (4) depoled parallel to the length direction and
(5) depoled perpendicular to the length direction (all measurements are in heating cy-
cles and along the length direction); Figures a, b, c are for (a) sintered at 700/1200°C,
(b) sintered at 800/1200°C and (c) sintered at 900/1200°C. (Continued)
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Figs. 2a, 2b and 2c, respectively. When calculating the spontaneous strains
of the tetragonal at a particular temperature, the cubic cell constant should
be extrapolated to that temperature accounting for the thermal expansion.
A linear extrapolation from above the transition can be made over a narrow
range with fairly good accuracy.

In Figures 2a, 2b and 2c are shown the Py = \/P_Té values calculated from
the thermal expansion data. The agreement in the Pg values is excellent. The
values are also in good agreement not only in magnitude but also in the
Tc values with the earlier reported results [6, 7]. Figure 2a, shows the Pg
value versus temperature of PbTiO3 ceramic sintered at 700/1200°C. The
Pg value in the case of unpoled sample is slightly higher than those of
both parallel and perpendicular poled samples in temperature range below
Curie point, and is caused by the Pg of the poled ceramics. Also the Pg
is smaller than the value in thermally depoled sample. Similar trends have

100 ’ : . ’ ’ : " . ’ .

5

P (unC/em’)

40

1 Unpoled

2 Poled 11 length ¥

3 Poled L length 5
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Figure 2. Ps as a function of temperature for PbTiO3 ceramics with and without
poling: (1) unpoled, (2) poled parallel to the length direction, (3) poled perpendicular
to the length direction, (4) depoled parallel to the length direction and (5) depoled
perpendicular to the length direction; figures a, b, ¢ are for (a) sintered at 700/1200°C,
(b) sintered at 800/1200°C and (c) sintered at 900/1200°C. (Continued)
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been noticed in the samples sintered under different processing conditions.
There are a few factors which could be influencing the measurements. First,
there are some sources of contributions to the strain in ferroelectrics, i.e.,
in addition to the structural component which is present at all temperatures,
a component associated with the appearance of spontaneous polarization
in the case of ferroelectric state is also present. The contribution of the
spontaneous polarization to strain is due to electrostrictive coupling. Second,
after poling it is also possible to have some residual surface charge on the
surfaces which can affect the net strain. For perpendicular poling conditions,
the net thermal strain might be more along the length due to the positive
expansion of g-axis. Therefore, the strain along the length direction can
be affected differently in the parallel and perpendicular poled samples. At
temperature near Tc, it is seen that the Pg values of both poled samples are
sharper compare to those of unpoled and depoled samples. For the other two
samples sintered under different conditions, the polarization behaviors are
slightly different, however, the magnitude of Pg and trend of polarization
behavior are similar to that of 700/1200°C PbTiO3 ceramic. The sharpness
of the transition increases and the hyteresis space gradually decreases for the
samples sintered at higher temperature in first step of the two stage sintering
process.

CONCLUSIONS

We investigated the polarization behavior of PbTiO3 ceramics in unpoled,
poled and depoled states by using the thermal expansion data. The room tem-
perature Py = 75 uC/cm? is in good agreement with the reported values and
also suggesting that thermal strain data can be used for estimating the reliable
polarization and its temperature dependence in the case of high T¢ ferro-
electrics or where the high conductivity of the samples interferes with the
electrical measurements. Some important conclusions are made as follow:

(i) The temperature dependence of thermal strain of unpoled and poled
ceramics showed nonlinearity and large anomalies resulting from
polarization.

(ii) The unpoled and depoled samples synthesized under the different two
stage sintering conditions exhibited similar behavior in strain versus
temperature and the poled samples tend to increase the sharpness of the
transition. The polarization behavior shows a sharp first-order phase
transition.
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(iii) Hysteresis of T¢ in heating and cooling cycles is larger in the samples
sintered at lower temperature (data not shown here).

(iv) On poling hysteresis of T¢ (cooling and heating cycles) in general
decreases.

(v) Transitions with parallel poled samples are sharper.

(vi) The polarization versus temperature and its decay, above Tc, is
less dispersive for the high temperature sintered or the high density
ceramics.

(vii) In the case of higher density samples, all the T¢ (unpoled, poled and
depoled) are approximately the same.
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The effects of frequency f, field amplitude E,, and mechanical stress o on the hysteresis area (A)
and their scaling relations were investigated on soft PZT bulk ceramics. The hysteresis area was
found to depend on the frequency and field amplitude with a same set of exponents to the power-law
scaling for both with and without stresses, indicating the universality. The inclusion of stresses into
the power law was also obtained in the form of (A—A,_o)=fO%E "%, which indicates the
difference of the energy dissipation between the under stress and stress-free conditions and reveals
how the hysteresis area decays with increasing stresses. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2403182]

The dynamic hysteresis characteristics have become an
important consideration since hysteresis area (A) as a func-
tion of the field amplitude E, and frequency f presents lots of
information critical for many ferroelectric alpplications.l’2
Theoretical studies have been carried out to understand the
dynamic response of hysteresis curves in spin and polariza-
tion systems.3_5 In particular, attention is focused on the scal-
ing law (A) = f"E|j (where m and n are exponents that depend
on the dimensionality and symmetry of the system). Based
on three-dimensional models, it has been suggested that m
=1/3 and n=2/3 as f—0, whereas m=-1 and n=2 as f
— 00336 Experimental investigations on a few thin-film sys-
tems have also been reported with variation in the scaling
relations obtained.”!! On the contrary, there is only a single
report on the scaling behavior studies of ferroelectric hyster-
esis loops of bulk ferroelectric ceramics.'> More importantly,
in many applications the ceramic specimens are often sub-
jected to mechanical loading, either from the design of the
device itself or from operating conditions which induce
stresses."!® Therefore, a prior knowledge of how the material
properties change under different load conditions in materi-
als is inevitably crucial for proper design of a device and for
suitable selection of materials for a specific application. In
many previous investigations the electrical properties of ce-
ramics were found to depend strongly on stresses (0).148
Since f, E, and o have been reported to impose significant
influence on the dynamic hysteresis responses of ferroelec-
tric ceramics, it is therefore the aim of this study to establish
the scaling behavior of the dynamic hysteresis responses of
bulk ceramics under the influence of the external stress.

Due to its commercial availability and many practical
applications, a donor-doped or soft lead zirconate titanate
(PZT) ceramic was used in this study. The disk-shaped
samples of a commercially available soft PZT ceramic (PKI-
552, Piezo Kinetics Inc., USA) with a diameter of 10 mm
and a thickness of 1 mm were used in this study. Its basic
properties are dielectric constant (1 kHz) &,=3400, Curie
temperature 7-=200 °C, piezoelectric strain constants ds;3
=550 pm/V and d;;=-270 pm/V, planar coupling factor
k,=0.63, mechanical quality factor Q,=75, and coercive

Y Author to whom correspondence should be addressed; electronic mail:
rattikornyimnirun @yahoo.com
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field (50 Hz) E.=7.5 kV/cm. The dynamic hysteresis (P-
E) loops were characterized at room temperature (25 °C) by
using a modified Sawyer-Tower circuit with f covering from
2 to 100 Hz and E;, from O to 18 kV/cm. The electric field
was applied to a sample by a high voltage ac amplifier (Trek
610D) with the input sinusoidal signal from a function gen-
erator (HP 3310A). The P-E loops were recorded by a digital
oscilloscope (HP 54645A, 100 MHz). The detailed descrip-
tions of this system were explained elsewhere.!” Effects of
the external stress on the dynamic hysteresis were investi-
gated with the compressometer, which was developed for
simultaneous applications of the mechanical stress and the
electric field.'® The compressive stress, applying parallel to
the electric field direction, was supplied by the servohydrau-
lic load frame and monitored with the pressure gauge. The
P-E loops were recorded as a function of mechanical stress
applied discretely between 0 and 24 MPa for each applied
field and frequency. At each constant stress, the loop was
obtained after 20 sampling cycles to average out the noise
deformation.

The hysteresis profiles for various frequencies f, field
amplitude Ej, and stress o are obtained. For a particular
applied stress, as expected, the dependence of the loop pat-
tern and area (A) on f and E is remarkable. At fixed E,, the
loop area (A), remnant polarization (P,), and coercive field
(E.) decrease with an increase of frequency. For the depen-
dence of the hysteresis loop on E, the loop does not saturate
at small fields (6 and 8 kV/cm). With further increase in E,,
(A), P,, and E,. increase until a well saturated loop is
achieved. Similar stress-free observations have been reported
in thin films and bulk ceramics.”*'?

Figure 1 displays the hysteresis loops under different
compressive stresses during loading at fixed f of 100 Hz and
fixed E, of 18 kV/cm. The P-E loop area (A) is found to
decrease steadily with increasing the stress. To investigate
the scaling behavior under the effect of applied stresses, in-
stead of including only the field amplitude E, and the fre-
quency term f, the scaling relation should also include the
stress (o) term, i.e.,

(A) = f"Eqo? . (1)

However, due to increasing number of exponents, to simplify
the problem, the validity of the scaling law (A)(o)

© 2006 American Institute of Physics
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FIG. 1. (Color online) Hysteresis loops for soft PZT
ceramic at various o (f=100 Hz and Ey,=18 kV/cm).
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« fO2E is assumed, inspired by a stress-free investigation
on bulk PZT,'" for all applied stresses. Consequently, the
area (A) for each stress is plotted against f 2 E,, as shown
in Fig. 2, and it can be seen from the least-squares linear fits
that reasonably good linear relations can be found. As a re-
sult, the condition of universality having m=-0.25 and n
=1 in soft PZT bulk ceramic systems is confirmed, whereas
the proportional constant in Eq. (1) may still be a function of
o. Therefore, Eq. (1) is generalized by writing

(Ay=G(o)f "*Ey+ F(0), (2)

where both G(o) and F(o) are assumed to be a function of o
representing slope function and y-intercept function for a
“linear relation” in Eq. (2), and their values are presented via
linear-fit functions in Fig. 2. Next, to obtain the scaling form
as indicated in Eq. (1), the slope function G(o) is assumed to
take a form of power-law function, i.e., G(o)=a+bo*, and a
nonlinear fit for G(o) gives a=0.136+£0.021, b=
-0.019+0.015, and ¢=0.439+0.173 with R*?~0.994. How-
ever, for the y-intercept function F(o), the scattering data in
F(o) do not follow a trivial power-law scaling form. Instead,
the reasonably well-fitted function that suits F(o) in the cur-

rent study is found to take a quadratic function. So F(o)
=ag+a,0+a,0” is written and a least-squares fit is per-
formed to give ay=—-0.019+0.006, a;=0.002+0.001, and
a,=—1.149 X 104+4.850 X 10™* with R>~0.878. As a re-
sult, from Eq. (2), it is therefore possible to write the scaling
area

(A) - F(o)

—_ ~025
G(o) ="k,

3)
and by plotting this scaling area ((A)—F(0))/G(o) against
fO2E, all the data should collapse onto a single linear line
having a y intercept at zero. The data collapsing of the scal-
ing area from all f, E;, and o was found to confirm Eq. (3) as
evident in Fig. 3.

On the other hand, it is of interest if the scaling of (A) in
a form given by Eq. (1) is allowed. Therefore, by discarding
minor loops which usually occur at very low E,, F(o)
=(A)(E;—0) will be small in comparing to (A) and can be
discarded in Eq. (3) at some intermediately high fields.'?
Consequently, (A)x (a+bo)f "> E, may be written and by
substituting the fitted parameters, it is found that

FIG. 2. (Color online) Scaling of hysteresis area (A)
against f0?E, for soft PZT ceramic at various o.
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where (A, refers to the stress-free hysteresis area which
will be a dominant term for zero stress. Note that from the
appearance of stress o, (A—A,_), referring to the difference
in energy dissipation between under stress and stress-free
conditions, increases with increasing stress suggesting a de-
cay of (A) with o at a rate of o4 as observed in experi-
ments. As a result, it can be concluded that the difference of
the hysteresis area between under stress and stress-free con-
ditions scales with frequency, field amplitude, and stress via
exponents m=-0.25, n=1, and p=0.44. However, at a par-
ticular fixed stress, Eq. (4) gives f-%%E, which is the origi-
nal form for how the area scales with the frequency and the
field amplitude.'

To understand the scaling relation obtained, at least
qualitatively, one needs to consider the following statements.
Since the P-E loop area indicates the polarization dissipation
energy subjected to one full cycle of electric field applica-
tion, the loop area is therefore directly related to volume
involved in the switching process during the application of
electric field.!" ™"’ Hence, when the mechanical stress is ap-
plied, more and more ferroelectric domains are constrained
by the applied stress and cannot be reoriented by the electric
field so as to participate in the polarization reversal. Conse-
quently, both the saturation and remnant polarizations be-
come lower with increasing the compressive stress. The po-
larization dissipation energy is consequently found to
decrease with increasing the applied stress, indicating that
the sample volume contributing to polarization reversal de-
creases with the increasing stress. Similar observations have
also been reported in other investigations,14’18’2&22

In summary, the scaling behavior of the dynamic hyster-
esis of the soft PZT bulk ceramics under the effect of me-
chanical stress has been investigated. With the presence of
the external stress, the scaling law for the loop area yields the
same set of exponents to frequency and field amplitude in
stress-free condition which confirms the condition of univer-
sality in bulk system. Furthermore, the difference of the en-
ergy dissipation between the under stress and stress-free con-

ditions is found to scale with f®E,c%*. As a result, the
study provides a detailed understanding of how the energy
dissipation of the hysteresis properties behaves in response
to various conditions especially the mechanical stress.
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ABSTRACT Lead titanate ceramics have been prepared by two
different processing methods: conventional (or single-stage)
and two-stage sintering. Effects of designed sintering conditions
on phase formation, densification, microstructure and dielec-
tric properties of the ceramics were characterized via X-ray
diffraction, Archimedes density measurement, scanning elec-
tron microscopy and dielectric measurement, respectively. The
potentiality of a two-stage sintering technique as a simple ce-
ramic fabrication method to obtain highly dense and pure lead
titanate ceramics was demonstrated. It has been found that,
under suitable two-stage sintering conditions, dense perovskite
lead titanate ceramics can be successfully achieved with better
dielectric properties than those of ceramics from a single-stage
sintering technique.

PACS 77.22.-d; 77.84.-s; 77.84.Dy

1 Introduction

Being one of the lead-based perovskites, lead ti-
tanate (PbTiO3; or PT) is of interest as a component in
commercial electroceramic materials. In addition, PT when
combined with other oxides can form a series of ferroelec-
tric materials that exhibit many of the most desirable di-
electric, piezoelectric and pyroelectric properties for use in
electronic devices at high frequency and high temperature,
such as infrared sensors, microactuators, capacitors and hy-
drophones [1-3]. The most important properties of perovskite
PT ceramics are high Curie temperature (~ 490 °C) and large
mechanical-quality factor and pyroelectric coefficient [4, 5].
However, pure and dense PT ceramics are regarded to be one
of the most difficult lead-based perovskite ferroelectric ce-
ramics to produce [6]. PT ceramic is mechanically weak due
to large distortion of the tetragonal phase at room tempera-
ture, which is characterized by the ratio between the lattice
parameters (c/a, hereafter called tetragonality, ~ 1.06 [6, 7]).
Apart from general problems of PbO volatilization and asso-
ciated high porosity, the stress induced by cooling through the
phase transition can create cracking in bulk ceramics. In add-
ition, it is difficult to pole the ceramics with low resistivity
(107-108 Q cm) [8].

B0 Fax: (6653) 943-445, E-mail: suponananta@yahoo.com

To overcome these problems, several techniques have
been introduced, such as utilizing ultra-fine powders, using
additives, employing spark-plasma sintering and carrying out
appropriate milling and sintering conditions [§—13]. All these
techniques are aimed at reducing the lattice tetragonality of
the bulk ceramics, even though they inevitably affect the
phase formation, structure and electrical properties of mate-
rials in different ways. Amongst all the approaches reported
so far, most attention has been concentrated on the use of
additives and powder processing, whereas investigations of
modified sintering techniques have not been widely carried
out[13, 14].

Therefore, in this work, a two-stage sintering method has
been developed to resolve these problems. With this new
scheme, instead of using a single, high firing temperature
(of up to 1225 °C) [13] where the degree of PbO volatilization
affects the stoichiometry of the product by forming a py-
rochlore phase, in addition to a perovskite phase, two moder-
ate temperatures (7] and 7, with a constant dwell time of 2 h at
each stage) were adopted. The aim of this study was to inves-
tigate the influence of these two ceramic processing methods
(single- and two-stage sintering) on phase formation, densi-
fication, microstructure and dielectric properties of PbTiO;
ceramics.

2 Materials and methods

Commercially available powders of PbO and TiO,
(anatase form, Fluka, > 99% purity) were used as starting
materials. A simple mixed oxide synthetic route was em-
ployed to synthesize PbTiOs powders. The mixing process
was carried out by ball milling a mixture of raw materials
for 24 h with corundum medium in isopropyl alcohol (IPA).
After wet milling, the slurry was dried at 120°C for 2 h,
sieved and calcined in a closed alumina crucible, with the opti-
mum calcination conditions determined by the X-ray diffrac-
tion (XRD) method (600°C for 2h with heating/cooling
rates of 5°C/min [15]). Ceramic fabrication was achieved
by adding 3 wt % polyvinyl alcohol (PVA) binder, prior to
pressing as pellets (15 mm in diameter and 1.0—1.3-mm thick)
in a pseudo-uniaxial die press at 100 MPa. Each pellet was
placed in an alumina crucible together with an atmosphere
powder (PbTiO3) of identical chemical composition. After
the binder burn out at 500 °C for 1h, sintering was car-
ried out with a dwell time of 2 h at each step, with constant
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heating/cooling rates of 1 °C/min [13] applied (Fig. 1). Vari-
ation of the firing temperature between 1150 and 1250 °C was
carried out for the single-stage sintering samples. Three sets
of the first sintering temperature (77) were assigned for the
two-stage sintering case: 700, 800 and 900 °C. Variation of
the second sintering temperature (7,) between 1000 °C and
1250 °C was carried out for each case.

Densities of the final sintered products were determined
by using the Archimedes principle. Sintered ceramics were
examined by room-temperature X-ray diffraction (Siemens
D500 diffractometer) using Cu K,, radiation to identify the
phase formed. The lattice parameters and tetragonality fac-
tor (c/a) of the sintered ceramics were calculated from the
XRD patterns [16]. The microstructural development was
characterized using a JEOL JSM-840A scanning electron mi-
croscopy (SEM), equipped with an energy-dispersive X-ray
(EDX) analyser. Mean grain sizes of the sintered ceramics
were subsequently estimated by employing the linear inter-
cept method [17]. In order to evaluate the dielectric prop-
erties, dense ceramics were polished to form flat, parallel
faces (14 mm in diameter and 0.8-mm thick). The samples
were then coated with silver-paste electrodes which were fired
on both sides of the samples at 700 °C for 1 h. The dielec-
tric properties were measured at a frequency of 1 MHz using
a HIOKI 3532-50 LCR meter, on cooling through the transi-
tion range (500-25 °C) with a rate of 5 °C/min.

3 Results and discussion

X-ray diffraction patterns of the PT ceramics sin-
tered at various conditions are displayed in Figs. 2 and 3, indi-
cating the formation of both perovskite and impurity phases in
each case. The strongest reflections in the majority of all XRD
traces indicate the formation of the PbTiO3 perovskite phase
of lead titanate, which could be matched with JCPDS file
no. 6-452, in agreement with other works [11-13]. To a first
approximation, this major phase has a tetragonal perovskite-
type structure in space group P4/mmm (no. 123) with cell
parameters @ = 389.93 pm and ¢ = 415.32 pm [18]. For the
singly sintered PT ceramics, additional weak reflections are

Temperature (°C) Temperature (°C)
A A

T ===~

1 °C/min

1 °C/min

»

2h

found in the samples sintered above 1175°C (marked by
6 in Fig. 2), which correlate to the starting precursor PbO
(JCPDS file no. 77-1971) [19]. This observation could be
attributed mainly to the poor mixing of the employed pow-
ders derived from the ball-milling technique. The relative
amounts of perovskite and minor phase present in each sin-
tered ceramic were calculated from the intensities of the major
X-ray reflections from the respective phases. In this connec-
tion, the following approximation was adopted, as in the ear-
lier PMN (Pb(Mg1/3Nb2/3)O3) and PFN (Pb(Fel/2Nb1/2)03)
studies [14]:
perovskite phase (Wt%) = Ip/(Ip + Iv) x 100. (D)
Here Ip and Iy refer to the intensities of the {110} perovskite
and {111} minor phase peaks, respectively, these being the
most intense reflections in the XRD patterns of both phases.
For the purposes of estimating the concentration of minor
phase present, (1) has been applied to the diffraction patterns
obtained (numerical data are presented in Tables 1 and 2).
More interestingly, a single phase of perovskite PT is
found in all the doubly sintered samples (Fig. 3), in contrast to
the observations for the singly sintered samples. No evidence
of pyrochlore phase of PbTi3O; composition earlier reported
by Udomporn, Ananta and Tartaj et al. [15,20] was found,
nor was there any evidence of other second phases [21] be-
ing present. This could be due to the lower firing temperature
of the doubly sintered samples as compared to the singly sin-
tered ceramics, leading to a smaller degree of lead losses and
consequently avoiding the pyrochlore formation, while a suf-
ficient amount of energy required for ceramic densification
still to be reached was provided by the longer holding time,
in agreement with other works [14,22,23]. However, many
other factors come into play, e.g. homogeneity of materials,
reactivity of starting powders and processing variables. These
XRD results clearly show that, in general, the different pro-
cessing methods used for preparing PT ceramics gave rise to
a different phase formation in the sintered materials. The ab-
sence of minor phase in doubly sintered samples was related
to the more reactive process used [14].
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Tables 1 and 2 also present the tetragonality factor (c/a),
relative density and average grain size of singly and doubly
sintered samples, respectively. Generally, it is evident that as
the sintering temperature increases, the density of almost all
the samples increases. However, it can be seen that the sin-
tering behaviour of singly and doubly sintered PT ceramics
was dissimilar. Doubly sintered ceramics reached a maximum
density of ~97% at 900/1150°C or 900/1200°C. On the
other hand, singly sintered samples exhibit less densification,
and a temperature of 1225 °C was required to reach a den-

50

sification level of ~ 94%. The densification of all materials
slightly decreased at temperatures higher than those of the
maximum density, accompanied by a significant increase of
weight loss (~ 2%-5%). By comparison with singly sintered
PT ceramics, lower values of tetragonality (c/a) are found in
all doubly sintered cases, indicating lower internal stress in
these sintered samples.

Microstructural features of PT samples singly sintered at
different temperatures for 2 h with heating/cooling rates of
1 °C/min are shown in Fig. 4. It was found that the samples



